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Stellingen

1. De far-red light-insensitive {fri) en temporarily red light-insensitive (rri) mutanten in
tomaat zijn respectievelijk fytochroom A en fytochroom B1 mutanten.

2. In monochromatisch rood licht fungeren zowel fytochroom A als B1 als hoofdrolspelers
in de anthocyaanbiosynthese in zaailingen van tomaat, terwijl micro-injectie studies
alleen een rol voor fytochroom A toekennen.

Dit proefschift.
Kunkel er al. (1996). Plant J. 10: 625-636.

3. Het eerder afbreken van het ontwikkelingsprogramma in de hp-1 er hp-2 mutanten in
tomaat onder continu verrood licht, in vergelijking met het wildtype, is een vitermate
interessant verschijnsel, mede gezien het feit dat ook de fenotypisch gelijkende
transgene tomaat waarin het PHYA3 van haver tot overexpressie is gebracht onder deze
omstandigheden een identieke respons vertoont.

Dit proefschrift.

‘

4. Inde schadowmijdende reaktie hebben fytochroom Bl en B2 zeer waarschijnlijk sterk
. overlappende functies.

Dit proefschrift.

5. Opbrengstderving in commercile gewassen door ongewenste schaduwmijdende
reakties als gevolg van een hoge plantdichtheid kunnen worden tegengegaan door het
via biotechnologische weg tot overexpressie brengen van fytochroom.

Robson et al (1996). Nai. Biotechnol. 14: 995-998,

6. De reorganisatie van LUW-DLO tot een Kenniscentrum Wageningen is nadelig voor de
positie van het eerste-fase onderwijs.

7. De exportheffing van de EU in de winter 1995/1996 op tarwe, om daarmee de tarweptijs
binnen de EU lager te maken dan die op de wereldmarkt, wekt de indruk dat de
liberalisering van markten alleen gehanteerd wordt, zolang het gunstig is voor de
consument,

B. De grootste nitdaging van alle genoomprojecten is het vinden van de precieze
biclogische functies van alle beschreven genen.

9. De beoordeling van wetenschappelijke-manuscripten en onderzoeksvoorstellen door
gelijken (het zgn. peer review) leidt vaak tot het beoefenen van wetenschap met
voorkennis.

10. Wetenschappelijke creativiteit komt vaak pas na zessen.
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11. Het is mogelijk géén toeval dat het opheffen van de leerstoel graslandkunde aan de
LUW samenvalt met de deplorabele toestand van de grasmat in de Amsterdam Arena.

12. Door geruchtmakende uitspraken van mgr. Muskens, zoals het toestaan dat armen een
brood mogen stelen, is de armoede in Nederland op de politicke agenda gezet.

13. Hetinbraakbeveiligingssysteem van het Botanisch Centrum is uitermate geschikt om een
circadiaan ritme te handhaven tijdens het schrijven van een proefschrift.

14, In Maastricht duurt de kortste dag een half uur langer dan die in Groningen.

15. "Mij lijkt slechts één ding zeker: mensen die beweren dat mensen die van dieren houden
niet van mensen houden, houden niet van mensen die van dieren houden".

Koos van Zomeren (1995). "Wat wil de koe".

16. Het veelvuldig voorkomen van de paam Kerckhoffs op lijsten van complicen en
gehangenen van de gevreesde Bokkenrijders-bende (tweede helft 18e eeuw) maakt de
naam Kerckhoffs berucht.

J.H.H. Kerckhoffs, emetitus-pastoor (1995). "300 jaar Kerckhoffs, een familie-kropiek”.

Stellingen behorende bij het proefschrift "Phystological functions of phytochromes in bmmo:
a study using photomorphogenic mutants”.

Huub Kerckhoffs,
Wageningen, 20 december 1996.




"Of the many intricate and beautiful control mechanisms living organisms have
evolved to optimize their survival in a variable and changing environment, none
is more elegant than the phytochrome system of plants”

Warren L. Butler, a pioneer in the study of phytochrome

Voor Pien
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Abstract

Kerckhoffs, L.H.J. (1996). Physiological functions of phytochromes in tomato:
a study using photomorphogenic mutants. PhD thesis, Department of Plant
Physiology, Wageningen Agricultural University, Arboretumlaan 4, NL-6703 BD
Wageningen, The Netherlands. xx + 195 pp., dutch summary.

Plant morphogenesis is influenced greatly by the irradiance, quality, direction and
periodicity of the ambient light. At least three different photomorphogenic
photoreceptors have been distinguished: (i) the red light (R)- and far-red light
(FR)-absorbing phytochromes; (ii) the UV-A and blue light (B)-absorbing crypto-
chromes; and (iii) the UV-B photoreceptor. The phytochromes, which are the best
characterized photosensory photoreceptors, are encoded by a small multigene
family. In tomato (Lycopersicon esculentum Mill.) five phytochrome genes have
been cloned: PHYA, PHYBI, PHYB2, PHYE and PHYF. In this thesis a genetic
approach is used to assign functions to the different phytochrome types in tomato.
Two classes of phytochrome mutants in tomato were analyzed both molecularly
and physiologically: (i) phytochrome photoreceptor mutants: far-red light-
insensitive (f#i) mutants, deficient in phytochrome A (phyA); temporarily red
light-insensitive (#ri) mutants, deficient in phytochrome Bl (phyB1) and a
phytochrome chromophore biosynthesis mutant aurea (au); (i) signal transduction
chain mutants: high-pigment-1 (hp-1), high-pigment-2 (hp-2), atroviolacea (atv)
and Intensive pigmentation (Ip). In adult plant stages fri mutants are hardly
phenotypically distinguishable from wild type (WT) in white light (WL). The
phyB 1-deficient tri mutants are only insensitive during the first two days upon
transition from darkness to R. The t#i mutants are slightly taller than the WT when
grown in WL. The kinetics of stem elongation rate of these mutants were
determined very precisely using a custom-built plant growth-measuring apparatus
as well as their response to vegetational shade light. The immature fruits of Ap-/
and Ap-2 mutants have higher chlorophyll levels and are darker-green in colour
than WT. The signal transduction chain mutants ail exhibit exaggerated
phytochrome responses, i.e. high anthocyanin synthesis and short hypocotyl length
compared to WT. Anthocyanin biosynthesis that accumulated during a 24-h period
of different monochromatic irradiations was determined. At 660 nm the fluence
rate-response relationships for induction of anthocyanin in WT are complex,
showing a low fluence rate response (LFRR) and a fluence rate dependent high
irradiance response (HIR), which have been attributed to phyA and phyB1,
respectively. The Ap-I mutant exhibits a strong amplification of bath the LFRR
and HIR. The atv mutant shows strongest amplification of the HIR component.
The Ip mutant exhibits an exaggerated anthocyanin response in B. The results are
discussed in relationship to the published work on photomorphogenesis.

Keywords: photomorphogenesis, phytochrome, mutants, tomato, Lycopersicon
esculentum Mill., plant physiology.
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Introduction
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environment before seed resources are exhausted (see Fig 1'1). he selection
pressure for an efficient transition from heterotrophic growth, utilizing stored seed
reserves, to a green autotrophic self-sufficient photosynthetic plant (de-etiolation)
has ied to the evolution of an impressive battery of photoreceptors. Once
established, plants have to be able to compete for available photosynthetic light
with their neighbours and most species respond to light direction by growth
orientation (phototropism) and to subtle changes in light quality caused by
neighbouring plants by a stimulation of elongation growth (shade-avoidance
response). The transition from vegetative growth to flowering is also synchronized
with the seasons and plants again use photoreceptors to perceive daylength as a
reliable signal for the time of year. To be able to respond to this important array
of different light signals, plants utilize at least three photoreceptor systems: a
UV-B photoreceptor {Yatsuhashi et al., 1982; Beggs and Wellman, 1985),
UV-A/blue light (B) photoreceptors (Ahmad and Cashmore, 1993; Liscum and
Briggs, 1995) and the most extensively studied red light (R)/far-red light (FR)-
reversible phytochromes (Sage, 1992 and references therein).

1.1 Phytochrome

1.1.1 Discovery of phytochrome

In the early twenties Garner and Allard discovered that the length of the day was
the critical factor in the control of flowering. This discovery of photoperiodism
(Gamer and Allard, 1920) was a scientific breakthrough and the practical
consequences have been enormous for the horticultural industry. Subsequent
studies at the U.S. Department of Agriculture Research Center (Beltsville, MD,
USA) concentrated on the mechanism of this photoperiodic control (Parker et al.,
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Figure 1.1. Tomato seedlings grown for 6 days in either darkness (left) or continucus white light
(right), resulting in an etiolated and a de-etiolated phenotype, respectively.

1946). This research quantified the efficiency of various narrow wavebands of
radiation (action spectra) in inhibition of flowering of short-day plants. However,
it was a study of lettuce germination, which was a follow-up of observations by
Flint and McAlister (1935), which led directly to the discovery of a photo-
reversible pigment by Borthwick et al. (1952a). In this classical paper, it was first
proposed that a photoreversible pigment acted as a switch: it could be turned on
by red light (R) with a maximum at 660 nm or off by far-red light (FR) with a
maximum at 730 nm, and in multiple alternating R an FR irradiations the final
position determined the response. Borthwick et al. (1954) strengthened the case
for a single pigment being involved in two photo-interconvertible forms: a FR-
absorbing (active) form (Pfr} and a R-absorbing (inactive) form (Pr). Other reports
demonstrated similar photoreversible control of flowering (Borthwick et al.,
1952b), leaf and hypocotyl elongation (Downs, 1955), pigmentation of the tomato
fruit cuticle (Piringer and Heinze, 1954) and straightening of the plumular hook
of etiolated bean plants (Withrow ef al., 1957). Hundreds of these classical
phytochrome-mediated responses have been described (Correll et al., 1977;
Shropshire Jr. and Mohr, 1983).
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In 1959 Butler and his colleagues were able to detect the pigment directly by in-
vivo differential spectrophotometry in dark (D)-grown maize seedlings and
showed it to be a protein by denaturation upon boiling (Butler ef al., 1959).
Shortly afterwards Borthwick and Hendricks (1960) officially proposed the term
phytochrome (from the Greek words for ‘plant’ and '‘colour’) for “the pigment
controlling photo-responsive development of plants”.

Since its discovery, phytochrome has been found in representatives of all major
groups within the plant kingdom, including angiosperms, gymnosperms, ferns,
bryophytes and algae.

1.1.2 Molecular properties of phytochrome

It was not until the early eighties that Vierstra and Quail (1983) developed a fully
reliable isolation and purification procedure which yielded a full-size 124-kDa
phytochrome from etiolated oat seedlings, and made an extensive characterization
of the phytochrome molecule possible (Furuya and Song, 1994).

Phytochrome is Y-shaped, generated by dimerization of two identical monomers
(Jones and Erickson, 1989). Each monomer is compased of an apoprotein of
approximately 1100 amino acids, which consist of two discrete domains: an NH,-
terminal domain of about 74 kiDa that contains a linear open-chain tetrapyrrole
chromophore (phytochromobilin) covalently linked via a thiol-ether linkage to a
cysteine residue (located about 320 residues from the NH, terminus}), and a
COOH-terminal domain of about 55 kDa that possesses the site(s) responsible for
dimerization (Romanowski and Song, 1992; Edgerton and Jones, 1992). As a
result of interactions between the polypeptide (apoprotein) and the chromophore,
which absorbs light maximally in the 600-760 nm waveband, phytochrome is a
photochromic pigment, i.e. can be repeatedly interconverted by light between two
photo-isomers. A simplified scheme for this photoconversion is:

R
Pr ==~ Pfr

FR

The absorption bands of the two forms overlap. Because of this a photo-
equilibrium (¢) is being established, i.e. the proportion of total phytochrome
molecules as the Pfr form at photoequilibrium. The precise value of ¢ depends on
the wavelength applied (light quality). Using the formulae of Mancinelli (1994)
the value of ¢ at equilibrium for FR and R is about 0.02 and 0.87, respectively.
Under conditions of constant illumination, phytochrome cycles continuously
between its two forms (i.e. phytochrome cycling).



Chapter 1

The actual phototransformation itself between the two forms involves a cis- to
trans-isomerization of one of the double bonds within the tetrapyrrole chromo-
phore, a re-orientation of the chromophore relative to the polypeptide (becoming
more exposed) and multiple conformational changes within the polypeptide,
especially near the NH,-terminus (Vierstra, 1993; Furuya and Song, 1994).

Phytochrome is synthesized as Pr, the chromophore being exported from the
plastids and assembled with apoprotein in the cytoplasm. Upon photoconversion
to Pfr (Hendricks, 1964) it becomes active and initiates the diverse array of
responses under its control. One of the most rapid effects triggered by Pfr is an
alteration of gene expression, involving either transcriptional activation and
repression of specific genes (Quail, 1991; Thompson and White, 1991; Li ez al.,
1993; Terzaghi and Cashmore, 1993). Paradoxically, R can be viewed not only as
necessary for converting phytochrome to the physiologically active Pfr form, but
also for initiating the rapid breakdown of the Pfr pool (Vierstra, 1994). Moreover,
Pfr down regulates the de-novo synthesis of Pr (Colbert, 1991).

f
1.1.3 Evidence for at least two pools of phytochrome

Early physiological data already provided evidence that not all the phytochrome
is destroved by light (Downs et al., 1957). Biochemical data later suggested that
at least two pools of phytochrome exist, one labile that predominates in etiolated
plants and the other stable and present at a low concentration that predominates
in light-grown plants (Butler and Lane, 1965; Siegelman and Butler, 1965;
Hillman, 1967). Both a light-labile and a light-stable phytochrome were also
detected by/spectrophotometry (Brockmann and Schifer, 1982). Subsequently,
immunochémical studies defined two different phytochrome types in oat and pea
(Abe et al.).1985; Hilton and Thomas, 1985; Shimazaki and Pratt, 1985; Tokuhisa
et al., 1985). An important step forward was the observation that the phytochrome
types in pea differ in their amino acid sequence and therefore must be the products
of different genes (Abe et al., 1989). The classical light-labile phytochrome,
predominant in etiolated tissue, decays in the light to a very low level in pea (Abe
et al., 1985) or to an undetectable level in oat (Pratt et al., 1991). This
phytochrome has been named type I (Furnya, 1989; 1993). The light-stable
phytochrome, which was revealed in light-grown pea tissue was named type II.
Both type I and IT are photoreversible, but differ in: (i) the stability of their Pfr
forms; (i) immunochemical and spectral properties; (iii) their proportions present
in the plant at different stages (e.g. etiolated and de-etiolated seedlings); and (iv)
their differential contribution to the regulation of different responses (Mancinelli,
1994).
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: 1.1.4 The phytochrome multigene family

Direct molecular evidence that angiosperms contain several types of phytochrome
encoded by a small multigene family was provided initially from studies with
Arabidopsis. These phytochrome (PHY) genes were designated by PHYA through
PHYE (Sharrock and Quail, 1989; Clack et al., 1994). The PHYA gene which
encodes the PHY A apoprotein was closely related to genes cloned earlier from oat
(Hershey et al.,, 1985; Hershey er al., 1987, Grimm et al., 1988), zucchini
(Sharrock et al., 1986), pea (Sato, 1988), maize (Christensen and Quail, 1989) and
rice (Kay et al., 1989a). All these genes encode the phytochrome that accumulates
to relatively high levels in eticlated seedlings (Quail, 1991; 1994; Pratt, 1995).
The phytochrome, formerly known as light-labile phytochrome, etiolated phyto-
chrome or type I phytochrome, corresponds to phytochrome A (phyA; Quail,
1994). The other PHY genes characterized, PHYB, PHYC (Sharrock and Quail,
1989), PHYD and PHYE (Clack et al, 1994) , encode for phytochrome apoproteins
PHYB through PHYE, respectively. After insertion of the chromophore these
apoproteins form phytochrome B through phytochrome E (phyB-E) (Quail et al.,
1994). The light-stable phytochrome, green-plant phytochrome or type II phyto-
chrome (Quail, 1994) is composed of phyB and presumably other phytochromes.
Study of their properties is not easy since they are present at very low levels.
Pairwise comparisons of the deduced amino-acid sequences among all five PHY
yield identities of 46-56 %, with the exception of the comparison between PHYB
and PHYD, which yields greater than 80 % identity (Clack er al., 1994). Conse-
quently, these five PHYs can be assigned to four subfamilies: PHYA, PHYB
{which includes PHYD), PHYC and PHYE (Pratt, 1995).

In tomato there is evidence that the PHY family is composed of even more than
five members (Pratt, 1995; Hauser et al., 1995). The polymerase chain reaction
(PCR)-derived gene fragments for five tomato PHYs have been sequenced. Four
of these genes, PHYA, PHYBI, PHYB2 and PHYE, are members of previously
identified PHY subfamilies, while the fifth, PHYF, is identified as a member of a
new PHY subfamily. PHYA, PHYBI, PHYB2 and PHYE fragments encode amino-
acid sequences that share 8898 % sequence identity with their Arabidopsis
counterparts. The PHYF fragment, however, encodes a polypeptide that shares
only 65-74 % sequence identity with previously identified Arabidopsis phyto-
chromes. Phylogenetic studies suggest that PHYF might be widespread among
angiosperms (Hauser et al., 1995). As in Arabidopsis, two of these genes (PHYB1
and PHYB?2) have been identified as members of the PHYB subfamily (Pratt et al.,
1995). In addition to the two B-type genes in Arabidopsis and tomato, there is
preliminary evidence for three PHYBs in Daucus (Mathews ef al., 1995). Kern et
al. (1993) have also suggested that tobacco and potato might each have two
PHYBs. Thus, the size of the PHYB subfamily, and its plasticity among different
plant groups, is unclear. In sorghum, three PHYs (PHYA, PHYB and PHYC) have
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been identified by sequence comparisons of PCR fragments to known PHYs (Pratt,
1995). There is also evidence for additional PHYs in the sorghum genome (Pratt,
1995}. Many other complete PHY clones have been obtained and sequenced from
non-angiosperms, including mosses, lycopods, ferns and algae, as well as in
gymnosperms, establishing that the PHY family is widespread throughout the plant
kingdom (Pratt, 1995).

1.1.5 Phytochrome-mediated response modes

It has become clear that phytochromes function via different response modes
(Mancinelli, 1994) dependent on the fluence rate and duration of the incident
light.

1.1.5.1 Detection of the dark-to-light transition
In the detection of the onset of light two main response modes can be
distinguished: -

(i} Very low fluence response {VLFR}. The VLFRs (Blaauw et al., 1968; Raven
and Spruit, 1973; Mandoli and Briggs, 1981), are saturated at extremely fow
fluences of about less than 100 nmol.m 2, comparable to the quantity of light
emitted by a few firefly flashes. The VLFRs are not reversible by FR, but can even
be induced by FR alone. The VLFRs have been observed in D-imbibed seeds or
seedlings grown in total D, in which all of the phytoclrome is present as Pr (Smith
and Whitelam, 1990). In this respect care must be taken using ‘safelights’, because
exposure to dim-green safelight can elicit and even saturate a VLFR.

(ii) Low fluence response (LFR). The LFRs are the classical phytochrome-
mediated responses. They are induced by a single pulse of R, and show rever-
sibility by subsequent FR. The effectiveness of FR in reversing the inductive
effects of R decreases and is eventually lost as progressively longer D intervals are
inserted between R and FR. The LFR obeys the Bunsen-Roscoe law (i.e.
reciprocal relationship between the fluence rate and duration of incident light).
The photon fluences required for saturation of the response by R vary from 1 to
1000 pmol.m%, corresponding to a proportion of total phytochrome as Pfr, ranging
from 0.01 to 0.87, the latter value being equivalent to the ¢ value at equilibrium.
The LFRs are observed in imbibed seeds, etiolated seedlings and light-grown
plants (Smith and Whitelam, 1990).

1.1.5.2 High-irradiance responses

In contrast to the inductive VLFR and LFR, the high-irradiance responses (HIRs)
require continuous, long term exposures to relatively high fluence rates (Mohr,
1972; Mancinelli and Rabino, 1978; Mancinelli, 1994). The term 'high' irradiance
response is a misnomer because the fluence rate required to cause these responses
is very much less than that provided by sunlight in the natural environment (Smith
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and Whitelam, 1990). These HIRs show no R/FR reversibility and do not obey the
Bunsen-Roscoe reciprocity law. The extent of the HIR is a function of
wavelength, irradiance and duration of the light treatment. Their action spectra
differ from the induction spectra of the classical phytochrome responses, showing
a sharp peak in the FR and a broad band of activity in the B (Schifer, 1976). The
HIR is only readily observed in etiolated seedlings, and as seedlings de-etiolate the
HIR become less evident (Smith and Whitelam, 1990). The HIR shows a
maximum activity at wavelengths that maintain a low Pfr concentration for a
prolonged period of time, yet give sufficient Pfr for a response. Depending on
species, etiolated seedlings usually show a FR-HIR, whereas on transfer to light,
seedlings exhibit a shift towards a R-HIR, reflecting a depletion of the labile pool
of phyA (Mancinelli, 1994).

Attempts to explain the fluence-rate dependency of the HIRs usually refer to the
importance of photochemical tunover (cycling) between Pr and Pfr (Hartmann,
1966). It has been hypothesized that a short-lived phytochrome intermediate might
participate in a reaction affecting growth; at higher rates of photoconversion, this
intermediate would build up to greater levels and thus confer a fluence-rate
dependence on the HIR (Cosgrove, 1994). Phytochrome is the pigment responsible
for the HIR in the R and FR region of the spectrum (Schifer, 1976). While the
irradiance dependence has not yet been fully explained, it is clear that
phytochrome acts in some way as a photon counter. Whether the considerable
activity of the B/UV-A region of the specirum is due to absorption by
phytochrome alone or other pigments is still an open question, although B very
effectively cycles phytochrome.

1.1.5.3 Phytochrome as a light-quality sensor

The photochromicity between Pr and Pfr means that phytochrome has the capacity
to sense small changes in the relative amounts of R and FR in the ambient
radiation. Assuming the photon fluence rate is sufficient to drive the photo-
conversions to photoequilibrium, a simple quantitative relationship exists between
the R:FR photon ratio ({) and the proportions of Pr and Pfr present {Smith and
Holmes, 1977). Sensing the R:FR ratio has been proposed as the fundamental
sensory function of phytochrome in green plants, since they compete with other
plants for available photosynthetic radiation (Smith, 1982). In the natural
environment the R:FR ratio is a sensitive indicator of shading, which results from
a relative increase in the proportion of FR to other wavelengths. Plants have
developed different strategies to adapt to vegetational shade, which can be viewed
as two extremes: shade tolerance and shade avoidance (Smith, 1994). Shade
tolerance involves relatively low growth rates, the conservation of energy and
resources and the development of photosynthetic structures that are especially
efficient at low light levels {(Smith, 1994). The opposite extreme, shade avoidance
is a syndrome of growth and developmental changes in which internode and
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petiole elongation is increased, as well as additional changes in photosynthate
partitioning and leaf performance, increase in apical dominance and acceleration
of flowering and senescence (Smith, 1994). As the name suggests, if successful,
shade avoidance has the overall effect of projecting the photosynthetic structures
(usually leaves) into those parts of the environmental mosaic in which the resource
of light is abundant. In a similar fashion, plants are able to detect near-neighbours
as a consequence of spectral quality of laterally reflected light (Ballaré et al.,
1987; 1950).

1.1.6 Phytochrome signal transduction

There is still only sketchy information about the chain of events which lie
downstream of photoreceptors involved in photomorphogenesis. However, it is
clear that they ultimately lead to modifications of growth and development, which
include the switching on and off of genes. The genes involved in plant signal
transduction that have been cloned so far were recently reviewed by Redhead and
Palme (1996). Progress has also been made at the level of transcription and factors
that interact with light-responsive promoters have been characterized (Batschauer
et al., 1994). However, there remains a large black box which can be loosely
defined as the 'signal transduction chain'. It is obvious that plant hormones will
play a key role in some responses. The signal transduction probably involves
phosphorylation of proteins, activation of heterotrimeric GTP-binding proteins (G-
proteins, which consist of three subunits denoted Gu, Gf and Gvy) and changes
in phosphatidylinositol and calcium metabolism (Roux, 1994; Bowler and Chua,
1994; Millar et al., 1994). For phytochrome, the au (gurea, see 1.5.1.1) mutant has
been used successfully as a phytochrome-deficient background in which
phytochrome and/or signal transduction activators and inhibitors have been micro-
injected (Neuhaus ez al., 1993). Using the hypocotyl as a test material it has been
shown (Fig. 1.2) that there are two signalling pathways resulting from activation

oo CHS ------ Anthocyani

cGMP - CHS - bios;gt{msi:
phyA ——@a~ G-protein(s) FNR
(PSI)

ens Chloroplast

- developlr)nem
Ca'——p CaM CAB
(PSTI)

Figure 1.2. A model of phyA signal wransduction pathways. Anthocyanin biosynthesis was
monitored by chalcone synthase (CHS) gene expression. Photosystem I (PSI) and I (PSII)
development were monitored by ferrodoxin NADP* oxidoreductase (FAR) and chlorophyll a/b-
binding protein (CAB} gene expression, respectively. After Bowler ef al. (1994a; 1994b).

8




Introduction

of heterotrimeric G-protein(s): one leading to anthocyanin biosynthesis which
requires cyclic GMP (cGMP) and a second, which requires both calcium and
calmodulin (CaM), induces the gene expression of chlorophyll a/b-binding
proteins (CAB). However, both pathways have ‘crosstalk’ and are both required
for full development of the functional plastids (Neuhaus et al., 1993; Bowler and
Chua, 1994; Bowler et al., 1994a; 1994b).

1.1.7 Function of phytochromes

It has been recognized for some time that the complexity and diversity of
responses attributed to phytochrome are inconsistent with the action of a single
molecular species of the photoreceptor. The realization that phytochrome is a
family of photoreceptors encoded by multiple, divergent genes could explain all
the different modes of phytochrome-mediated responses by assuming that the
different, but closely related phytochromes have specialized regulatory roles in
controlling the overall response of plants to the complexities of the light
environment. Clues about the possible functions of the different phytochrome
types can be obtained from expression studies. In Arabidopsis, tobacco and
tomato, expression of the different PHYs are somewhat constitutive, with PHYA
mRNA almost always predominating (Adam et al., 1994; 1996; Somers and Quail,
1995; Hauser ef al., 1995; in press). However, a pronounced negative photo-
regulation of PHYA mRNA upon illumination is observed (Sharrock and Quail,
1989; Clack et al., 1994; Pratt, 1995). Specific differences in PHY expression
patterns are more evident in tomato. On a whole-plant basis, large differences (up
to 1000-fold) in transcript levels occur among the different PHYs, but also
substantial differences exist in the expression level of individual PHY throughout
the life cycle and within the plant (Wang ef al., 1993; Pratt, 1995; Hauser et al.,
in press). Notably, PHYE mRNA is several fold more abundant in mature plants
than in seedlings, in contrast to all other transcripts, whose abundance peaks at an
earlier age. While PHYF mRNA is normally present at a very low level, it reaches
the level of other transcripts in fruits of mature plants (Hauser et al., 1995, in
press). Indications of differences in distribution, provide clues to the functions of
some of the previously uncharacterized phytochromes. Their confirmation by
studies at the protein level with specific antibodies to the individual phytochromes
are cagerly awaited (Pratt, 1995).

In recent years our understanding of phytochrome action and function has been
significantly advanced through the analysis of photomorphogenic mutants and
phytochrome overexpression studies (see 1.5).
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1.2 Blue light/UV-A photoreceptors

It is evident that several B/UV-A absorbing photoreceptors mediate responses
such as hypocotyl extension, leaf development, phototropism and the transcription
of various genes (Liscum and Hangarter, 1994; Short and Briggs, 1994; Senger
and Schmidt, 1994; Jenkins et al., 1995; Ahmad and Cashmore, 1996). Photo-
tropic responses enable seedlings to orientate their cotyledons and primary leaves
for maximal photosynthetic light capture which is an important process during
seedling establishment in the light environment. The specific effects of B and
UV-A cannot be solely explained through the absorption of these wavelengths by
phytochrome. However, these B/UV-A photoreceptors have not been fully
characterized and their precise number has not been established (Jenkins et al.,
1995). The cloning of HY4 (Ahmad and Cashmore, 1993) encoding for a B-
photoreceptor, called cryptochrome (CRY1} and the finding of the nph (non-
phototropic hypocotyl) mutants at the NPH locus have helped to resolve the
situation. The NPHI gene encodes a putative photoreceptor mediating phototropic
responses (Liscum and Briggs, 1995; 1996). These discoveries are major
breakthronghs in B photomorphogenesis. The signal transduction components
through which they control plant gene expression and development are largely
unknown (Kaufman, 1993; Jenkins et al., 1995). There are indications that
phosphorylation mediated by a 120-kDa photoreceptor in phototropism is an early
step in the signal iransduction chain leading to curvature as a result of differential
growth (Reymond et al., 1992). Recently, it was established that the B/UV-A
phototransduction processes of CHS expression in Arabidopsis involve calcium,
but are independent from CaM (Christie and Jenkins, 1996).

1.3 UV-B photoreceptors

There is little information on the nature of the UV-B photoreceptors and their
signal transduction(s) (Jenkins e al., 1995). The action spectrum of the putative
photoreceptor shows a single intense peak at 290 nm and no action at wavelengths
longer than 350 nm (Yatsuhashi et al., 1982; Beggs and Wellmann, 1985).
Exposure to UV-B has various physiological effects on plants, most of them
indicative of damage to cellular components (Tevini and Teramura, 1989;
Stapleton, 1992). Plants have evolved several mechanisms to limit the potentially
damaging effects of UV-B, which involve either shielding by accumulation of
UV-absorbing compounds (Lois, 1994) or DNA repair (Quaite et al., 1994).

10
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1.4 Co-action between pigment systems

Mohr (1994) proposed a model of co-action between B/UV-A photoreceptors and
the phytochrome photoreceptor system. The Pfr is considered as the effector which
for instance causes anthocyanin synthesis through activation of gene expression,
while the B/UV-A effect is considered as amplifying responsiveness towards Pfr.
The study of co-action is inevitably complicated by the fact that B/UUV-A is also
absorbed by phytochrome leading to Pfr production and phytochrome cycling. In
the case of the ax mutant of tomato it has been proposed that activation of the
B/UV-A photoreceptor results in an increased phytochrome responsiveness to the
residual low amounts of phytochrome (below detection limits) enabling it to
survive in white light (Oelmiiller and Kendrick, 1991}, while the mutation is lethal
in R where phytochrome alone is excited.

Phototropism is controlled by a separate unrelated sensing system (Liscum and
Briggs, 1995; 1996). However, there is also an interaction with phytochrome in
which phyA is responsible for R-induced phototropic enhancement in Arabidopsis
(Parks et al., 1996). Janoudi and Poff (1992) suggested that phytochrome modifies
the phototropic response by modulating a component in the B signal transduction
pathway. Studies with various phytochrome mutants has identified phyA as
responsible for this enhancement (Liscum and Hangarter, 1994), An opposite
result was found when studying light interacting in the inhibition of hypocotyl
elongation in Arabidopsis seedlings. Here a strong synergism was found between
phyB and CRY1, while none was found for phyA and CRY1 (Casal and
Boccalandro, 1995).

1.5 Photomorphogenic mutants

Photomorphogenic mutants would be expected to have a strong pleiotropic
phenotype. since many responses are regulated by light and would be modified
when the mutation affects the photoreceptor itself (photoreceptor mutants) or steps
in the cascade of events immediately following the perception of light (signal-
transduction mutants). Photoreceptor mutants can be divided into two categories:
chromophore and type-specific apoprotein mutants (Kendrick and Nagatani, 1991;
Reed et al., 1992; Chory, 1993; Koomneef and Kendrick, 1994; Liscum and
Hangarter, 1994; Whitelam and Harberd, 1994).

1.5.1 Phytochrome photoreceptor mutants

1.5.1.1 Chromophore mutants
Mutants that are thought to be deficient in all types of phytochrome probably have
a defect associated with the common phytochrome chromophore, such as the Ay

11



Chapter 1

(long hypocotyl) mutants at three loci (HYI-2, HY6) in Arabidopsis (Koornneef
et al., 1980; Chory et al., 1989a; Parks et al., 1989; Parks and Quail, 1991). These
mutants exhibit an insensitivity to both continuous R and FR, whereas continuous
B remains relatively effective in inhibition of hypocotyl elongation (Koornneef et
al., 1980; Goto et al., 1993). All these mutants are pale yellow, make fewer leaves
and have increased apical dominance and flower early (Goto et al., 1991; Chory,
1993). These mutants accumulate near-normal levels of phytochrome polypeptide,
but lack the spectrophotometrically detectable chromoproteins (Chory et al.,
1989a; Parks and Quail, 1991). A wild-type (WT) phenotype can in most cases be
restored by feeding the mutant plants the tetrapyrolle precursor biliverdin IXe,
indicating that they affect steps prior to biliverdin formation in the chromophore
biosynthetic pathway (Parks and Quail, 1991; Nagatani et al., 1993). Other
examples include the pew (partly etiolated in white light) mutants at two loci
(PEWI-2) in Nicotiana plumbaginifolia (Kraepiel et al., 1994) and the pcd
(phytochrome chromophore deficient) mutants at two loci (PCDI-2)} in pea
(Weller et al., 1996; Terry et al., in press).

The au and yg-2 (yvellow-green-2) mutants in tomato have frequently been
considered specifically deficient in phyA. Van Tuinen ef al. (1996a) have demon-
strated that expression of an oat PHYAZ gene in au and yg-2 is very mneffective in
restoring the WT phenotype, even though oat PHYA3 is active in tomato {Boylan
and Quail, 1989). Since the au and yg-2 mutants map to chromosomes 1 and 12,
respectively, they cannot be specific phyA-deficient mutants (see below), since the
PHYA gene maps to chromosome 10 (Van Tuinen et al., 1996b). Recently, it was
established by Terry and Kendrick (1996) that the au mutant is defective in
synthesis of the phytochrome phytochromobilin chromophore. The first committed
step in phytochromobilin synthesis is the conversion of heme to biliverdin IXe,
presumably catalyzed by heme oxygenase. Biliverdin IX e is then reduced by
phytochromobilin synthase to 3Z-phytochromobilin, which in turn is isomerized
by phytochromobilin isomerase to 3E-phytochromobilin (Terry ef al., 1993). In a
HPLC-based analysis, it was concluded that yg-2 is deficient in heme oxygenase,
catalyzing the production of biliverdin IXe«, while au is deficient in phyto-
chromobilin synthase, catalyzing the production of 3Z-phytochromobilin from
biliverdin (Terry and Kendrick, 1996). Taken together there is strong evidence that
the Arabidopsis hyl and hy6, the Nicotiana pewl and pea pcdl are tomato yg-2
homologues, while Arabidopsis hy2 and pea pcd2 are tomato au homologues, in
biochemistry and phenotype (Terry et al., in press). The precise character of the
pew2 mutation is still unknown. It is interesting that PHY A accumulates to, at
best, 20 % of the WT level in the au and yg-2 mutants (Sharma et al., 1993; Van
Tuinen et al., 1996a), while PHYA levels are close that of WT in kyl, hy2, hy6
(Chory et al., 1989a; Parks et al., 1989), pcdi, pcd2 (Terry et al., in press), pewl
and pew?2 (Kraepiel e al., 1994). Another common feature is the apparent leaky
nature of the mutations. These mutants can therefore synthesize low levels of
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phytochrome chromophore and as a consequence functional phytochromes
accumulate in more mature tissues, while a pronounced chlorotic phenotype is
retatned.

In addition, kyl, ky2, hy6 and au are all widely used as phytochrome-deficient
controls in genetic, physiological, and biochemical studies (Neuhaus ez al., 1993,
Bowler et al., 1994a; 1994h; Millar ez al., 1995; Kunkel ez al., 1996) and further
knowledge about the sites of action and potential secondary effects of such
mutations will therefore assist in interpretation of such studies.

1.5.1.2 Type-specific mutants
These mutants are dealt with in three categories:

(i) Mutants deficient in phyA. Mutants deficient in phyA in Arabidopsis, are
identified by their long hypocotyls under continuous FR. These mutants have been
called Ay8 (long hypocotyl) by Parks and Quail (1993), fre (far-red elongated) by
Nagatani ef al. (1993) and fhy2 (far-red long hypocotyl) by Whitelam et al. (1993).
They carry mutations in the PHYA gene (Dehesh et al., 1993; Whitelam et al.,
1993; Reed et al., 1994) and therefore referred to as phyA alleles. Scedlings of the
funl (far-red unresponsive) mutant in pea are also insensitive to FR (Weller et al.,
1995b) and are expected to be deficient in phyA (J.L. Weller, pers. comm.).

(ii) Mutants deficient in phyB. Mutant in several species have been shown to be
deficient in phyB. These mutants all have seedlings which are deficient in
responsiveness in the R region of the spectrum and adult plants which are
elongated, often flowering early. In Arabidopsis the hy3 mutation (Koornneef et
al., 1980) has been shown to be in the PHYB gene (Reed et al., 1993). The ik
(long hypocotyl) mutant in cucumber (Adamse et al., 1987; Peters et al., 1991;
Lépez-Juez et al., 1992), the elongated (Iv) mutant of pea (Nagatani ez al., 1990,
Weller ef al., 1995a) and the ein (clongated internode) mutant of Brassica (Rood
et al., 1990; Devlin et al., 1992) are deficient in PHYB-like apoprotein, as is the
ma,® (maturity) mutant in sorghum (Childs ef al., 1991; 1992), which has recently
been confirmed as a mutation of the PHYB gene (Childs ez al., 1996). These
mutants are constitutively tall and mimic the response shown by the WT to shade
of other plants, pointing to the dominant role of phyB in the shade-avoidance
response. Some of these mutants have modified gibberellin (GA) metabolism or
responsiveness indicating the importance of GAs in the shade-avoidance response
(Rood et al., 1990; Beall ef al., 1991; Lopez-Juez ef al., 1995; Swain and
Olszewski, 1996).

(iii} Overexpression and antisense of PHY genes. Once PHY genes were cloned,
it became possible to introduce them into plants and examine the effect of
phytochrome overexpression, or in converse, antisense technigues can be used to
silence specific PHY genes. These studies have complemented and confirmed
what has been concluded from the use of mutants. The overexpression of PHYA
leads to a retention of the FR-HIR attributable to phyA (McCormac ¢t al., 1992;
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Casal ef al., 1996) and overexpression of phyB increases the responsiveness in the
R region of the spectrum (Wagner et al., 1996a). Overexpression of chimeric
proteins reveals that the chromophore-binding, NH,-terminal domain is used for
photoperception as might be expected, but it is the COOH-terminal domain of
phyA and phyB which relays both the R and FR signals to the transduction chain
(Quail et al., 1995; Wagner et al., 1996a; 1996b). Antisense-phyB plants in potato
have similar phenotypes to the phyB mutants above and interestingly have a
modified response to daylength (Jackson ef al., 1996). The overexpression of
phyC has been carried out in Arabidopsis, displaying slightly exaggerated
cotyledon expansion responses under both B and R (Halliday and Whitelam,
1995). Results of overexpression of other phytochromes in sense or antisense
configuration will hopefully reveal their functions.

1.5.2 B/UV-A photoreceptor mutants

Koomneef et al. (1980) isolated and described a long hypocotyl mutant (sy4) that
was defective in the perception of B. The Ay4 mutant has normal responsiveness
in the R and FR regions of the spectrum and spectrophotometrical and immuno-
logical studies revealed it has normal phytochrome (Koomneef et al., 1980; Chory
et al., 1989a; Somers et al., 1991). Hypocotyl growth is therefore regulated by B
via a separate B photoreceptor and phytochrome plays only a secondary role in
perception of this spectral region. Liscum and Hangarter (1991) reported the
isolation of blu (blue light yninhibited) mutants at three loci (BLUI-3) in
Arabidopsis in which hypocotyl extension is specifically inhibited by B. Although
the original genetic analysis indicated that these mutations were at different loci
to hy4, subsequent analysis has shown that this is incorrect and the blx mutants are
in fact alleles of hy4 (Jenkins et al., 1995). The genetics are not straightforward
because HY4 is incompletely dominant (Koornneef ez al., 1980). The fact that both
blul and hy4 show almost normal responsiveness to UV-A suggests that yet
another photoreceptor is active at shorter wavelengths and that the perception of
B and UV-A is not mediated by a single photoreceptor {Young et al., [992). The
fact that phototropism and B inhibition of hypocotyl elongation are genetically
separable (Liscum et al., 1992), also indicates that these processes are controlled
by different B photoreceptors.

Ahmad and Cashmore (1993) cloned the HY4 gene by T-DNA tagging. The
HY4 gene encodes a 75-kDa flavoprotein with sequence homology to microbial
DNA photolyases, which catalyzes a DNA-repair which is mediated by B and
UV-A. Lin et al. (1995a) proposed the name cryptochrome (CRY1) for this B
photoreceptor mediating B-dependent inhibition of hypocotyl elongation in
Arabidopsis. CRY1 can bind two types of chromophores simultaneously, a flavin
and a pterin (Lin ef al., 1995b; Malhotra et al., 1995). Overexpression the CRY1
protein in transgenic tobacco results in increased sensitivity to B (Lin et al.,
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1995a). Recently, Ahmad and Cashmore (1996) reported CRY2, with a CRYI-
related sequence in the Arabidopsis genome, giving evidence for a small CRY
gene family.

Liscum and Briggs (1995) reported the isolation of nph mutants at four loci
(NPHI—4) in Arabidopsis that lack or have severely impaired phototropic
responses. The Arabidopsis JK224 and JK218 phototropic mutants reported earlier
{(Khurana and Poff, 1989) were shown to be alleles of nphl and nph3,
respectively. The putative NPH1 photoreceptor apoprotein regulates all the
phototropic responses in Arabidopsis and is genetically and biochemically distinct
from the HY4 (CRY 1) apoprotein. They both have a different light-harvesting
chromophore composition (Short and Briggs, 1994, Liscum and Briggs, 1995;
Ahmad and Cashmore, 1996). In contrast to the nph mutants, which are defective
in shoot and root phototropism, the rpt (root phototropism) mutants at three loci
(RPT1-3) in Arabidopsis (Okada and Shimura, 1992) are specifically defective in
root phototropism.

1.5.3 Transduction chain mutants

A signal transduction chain mutant that is specific for a photoreceptor should have
the same phenotype as a photoreceptor mutant for the photoreceptor concerned.
Tt is clear that the screens used for a particular photoreceptor would be expected
to pick up mutants in its transduction chain. This appears not to have been the case
and although photoreceptor mutants have been found in many species there are
very few mutants in the down-stream reactions initiated as a consequence of
photoexcitation. On the one hand, this may indicate that the elements of the signal
transduction chain share critical steps with other signalling processes in cells and
any such mutants are lethal. On the other hand, there may be genetic redundancy
for these important steps in photoreceptor signalling.

Mutants in regulatory genes of seedling development can be pleiotropic or
specific for particular responses. The Arabidopsis hy5 (Koornneef et al., 1980),
Jfhy! and fhy3 mutants (Whitelam et al., 1993) show the D-grown characteristic of
long hypocotyls when grown in R, FR and B for the hy5 mutant; and only in FR
for the fhyl and fhy3 mutants, resembling the phyA photoreceptor mutants. The
FHYI and FHY3 gene products presumably act downstream of PHYA in
transmitting a signal specific for phyA (Johnson et al., 1994), whereas the HY5
gene product may integrate the signals from multiple photoreceptors to mediate
inhibition of hypocotyl cell elongation in response to B, R and FR downstream of
phyA, phyB and CRY1 (Chory, 1992; Von Amim and Deng, 1996}. Recently, a
mutant reduced in CAB gene expression was described and designated as cue
(CAB underexpressed) at onc locus (CUET) in Arabidopsis (Li et al., 1995). The
cuel mutant is an example of mutants defective in the light-dependent expression
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of specific genes and the CUE! gene has been identified as a positive regulator of
light-dependent nuclear and plastid gene expression (Li ef al., 1995).

Another class of mutants display a light-grown phenotype when grown in the
D. These mutants display a constitutive light response and are designated as det
(de-etiolated; Chory et al., 1989b) at three loci (DETI-3); as cop (constitutive
photomorphogenic; Deng et al., 1991) at eight loci (COPI—4, 8—17); and as fus
(fusca; Castle and Meinke, 1994; Miséra et al., 1994} at four loci (FUS4-5,
11-12) in Arabidopsis; and as lip (light-independent photomorphogenesis) at one
locus (LIP1) in pea (Frances et al., 1992). The pleiotropic mutations in the DET/
(Chory et al., 1989b; Chory and Peto, 1990); COFI (Deng et al.. 1991; Deng and
Quail, 1992); COP9 (Wei and Deng, 1992; Wei et al., 1994a); COPS8, COP10-11
(Wei et al., 1994b); FUS4-5, 11-12 (Miséra et al., 1994) loci display most light-
grown characteristics in D, including expression of photosynthetic genes,
inhibition of hypocotyl elongation, cotyledon unfolding and chloroplast and leaf
development. The similarity of the phenotypes corresponding to the 10 pleiotropic
mutations suggests that their gene products may interact (McNellis and Deng,
1995; Von Arnim and Deng, 1996; Kwok et al,, 1996).

Mutations in the DET2 (Chory et al., 1991); DET3 (Cabrera y Poch et al.,
1993);, COP2—4 (Hou et al., 1993), DOCI-3 (dark gverexpression of cab; Li et al,
1994); AMP1 (altered meristem program; Chaudhury et al., 1993); GUNI-3
(genome uncoupled; Susek et al., 1993); PRCI1 {(procuste; Desnos et af., 1996});
and /CX1 (increased chalcone synthase expression; Jackson et al., 1995) loci are
less pleiotropic and regulate specific subsets of seedling photomorphogenesis.
Although these mutants all have phenotypes in D, exhibiting a partially de-
etiolated phenotype in the absence of light, they are either dwarf or lethal when
grown in the light. The recessive nature of all DET, COP, FUS and LIP mutanis
has led to the hypothesis that they encode repressors or components of repressor
complexes which normally endow a plant with the capacity for etiolation in the
absence of light (Vierstra, 1993; McNellis and Deng, 1995). Photomorphogenesis
appears to be a defaunlt developmental pathway, which must be repressed in the D
to allow etiolation to occur (Wei et al., 1994b). The COP/DET/FUS/LIP gene
products might function as a developmental switch involved in light signal
transduction and also contribute to the repression of photomorphogenic responses
in seedling roots under light conditions. There are also clues for multiple
transduction pathways, integrating light and hormonal effects. Treatment of WT
Arabidopsis seedlings with cytokinin or abscisic acid leads to phenocopies of det/
and fus mutants (Chory et al., 1994; Castle and Meinke, 1994). Recently, it was
established that DETZ2 encodes a reductase in brassinosteroid metabolism (Li et
al., 1996). Brassinosteroids are a recently defined new class of plant hormones
(Sakurai and Fujioka, 1993). The WT phenotype of det2 can be rescued by
application of brassinoclide (Li et al., 1996).
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Analysis of the phenotypes of double mutants (epistasis} can define the order
of gene action within a pathway, and helps to elucidate the organization and
complexity of branched and/or parallel pathways. Double mutants with hy5
demonstrate that sy is epistatic to the det/cop/fus mutants and it is possible that
DET/COP/FUS directly interact with HYS5 (Ang and Deng, 1994; Wei er al.,
1994a; 1994b).

Recently, two shy (suppressor of Av2 mutation) mutants at two loci (SHY1-2)
in Arabidopsis have been identified, that suppress the elongated hypocotyl
phenotype of the Ay2 mutant (Kim et al., 1996). Whereas shy2 suppresses the Ay2
phenotype in both R and FR, shyl suppresses the Ay2 phenotype only in R,
indicating that shy! may be specific for phyB signalling. Both mutants are
dominant and also show photomorphogenic phenotypes when grown in D.

In tomato the Ap-1 (high-pigment-1) mutant exhibits exaggerated phytochrome
responses, whereas the phytochrome content of etiolated seedlings and the
characteristics of the phytochrome system are similar to that in WT (Adamse et
al., 1989; Peters ef al., 1989; 1992a). Therefore, so far, there is no evidence to
suggest that the hp-/ mutant is a photoreceptor mutant. In contrast to WT, the hp-/
mutant does not require co-action of the B photoreceptor and phytochrome for
normal development and exhibits maximum anthocyanin synthesis and hypocotyl
growth inhibition in R alone i.e. the mutation mimics the action of B. On the basis
of its recessive (loss-of-function) nature it was proposed that the phytochrome
action in etiolated seedlings is under the constraint of the HP-/ gene product
(HP-1) (Peters et al., 1992a). Both exposure to B and the Ap-I mutation appear to
result in reduction of HP-1 or its effectiveness. The exaggerated response of the
hp-1 mutant compared to WT fits the definition of "responsiveness amplification”
proposed by Mohr (1994) to describe the amplification of a phytochrome response
as a result of pre-irradiation which excites either the B photoreceptor or
phytochrome. Tt was proposed that the Ap-I mutation is associated with this
amplification step in the phytochrome transduction chain (Peters ef al., 1992a).
There are also mutants which are similar in some aspects to the hp-/ mutant
phenotype of tomato, but map to different loci, such as hp-2 (high-pigment-2)
(Soressi, 1973), atv (atroviolacea) (Rick, 1963) and Ip (Intense pigmentation)
(Rick, 1974). The /w mutant of pea (Weller and Reid, 1993) has a similar
phenotype and recently it has been reported that the her (hypocotyl glongation
repressed) mutants of Arabidopsis are a further example of this class (Ichikawa
et al., 1996). A study of the photoregulation of phenylalanine ammonia lyase
(PAL), a key enzyme in flavonoid biosynthesis, showed a higher level in the
tomato Ap-I mutant when compared to the WT level (Goud ef al., 1991). Goud
and Sharma (1994) demonstrated that pulses of R are effective in the induction of
amylase and nitrate reductase (NR) activity in the WT and that the Ap-/ mutant
again exhibits an amplified response. This amplification of synthesis of enzymes
in unrelated biochemical pathways points to action of the HP-1 gene product at
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some fundamental point in the photo-induced signal transduction chain leading to
modification of gene expression.

1.6 Tomato as a model plant species

Tomato {Lycopersicon esculentum Mill.) is an excellent alternative model plant
species to the almost universally adopted Arabidopsis. Tomato compares quite
favourably in many respects and has the advantage that the seeds are relatively
large and develop into seedlings which are more amenable to physiological,
biochemical and biophysical analysis. Perhaps most important, from the point of
view of our understanding of the control of plant growth and development in
general, we must remember that the growth and development of a cruciferous
rosette plant, such as Arabidopsis, may not be typical of all angiosperms.
Therefore parallel studies on other species with a different growth habit are of
great potential value. In addition, being an economically important crop, tomato
is genetically well characterized and many mutants already exist, some of which
have been shown to be photomorphogenic mutants (see above) and there are
detailed genetic and RFLP maps available. Comparison of the Arabidopsis and
tomato PHY families, which are the only two so far characterized in any detail,
reveals notable differences. Exhaustive genomic Southern-blot analyses indicate
that tomato has more than the five PHYs reported for Arabidopsis (Hauser et al.,
1995; Pratt et al., in press).

1.7 Outline of the thesis

This thesis presents a molecularly and physiologically analysis of: the far-red light
insensitive (fri) mutants of tomato (Chapter 2); the temporary red-light insensitive
(tri) mutants of tomato (Chapter 3) and the phytochrome control of anthocyanin
biosynthesis in these photomorphogenic mutants and newly derived double
mutants of tomato (Chapter 4). In Chapter 5 exaggerated-photoresponse mutants,
high-pigment-1 (hp-I), high-pigment-2 (hp-2), atroviclacea (atv) and [ntensive
pigmentation (Ip} of tomato are presented. The shade-avoidance response and fruit
development of Ap-I and au mutants of tomato are reported in Chapter 6. A
custom-built, high-resolution plant growth-measuring apparatus is described in
Chapter 7 and the analysis of growth of WT and photomorphogenic mutants of
tomato with and without end-of day FR is presented in Chapter 8. The thesis is
concluded with a general discussion (Chapter 9).
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CHAPTER 2

Analysis of far-red light-i

Abstract. Two monogenic recessive mu
at the far-red light insensitive (FRI) locus (fn‘" :
MoneyMaker) have been studied. These mutants,
to far-red light (FR) resulting in an etiolated phenoty ]
cotyledons}. In white light these mutants are hardly dlstlngtusha wﬂd type
(WT). Western-blot analysis shows that the phytochrome A polypeptide is essentially
absent in the fri mutants as is the bulk spectrophotometrically detectable labile
phytochrome pool in etiolated seedlings. A phytochrome B-like polypeptide is present
in normal amounts compared to WT and a low stable phytochrome pool can be readily
detected by spectrophotometry in the fri mutants. Northern-blot analysis shows a
selective modification of PHYA transcripts in both fri alleles, resulting in two bands in
both mutants, whereas only one band is seen in the case of WT. In these mutants the
transcripts of other members of the tomato phytochrome gene family (PHYB1, PHYB2,
PHYE and PHYF) were indistinguishable in size and abundance from WT. Thus, it
appears that the fri locus specifically affects PHYA gene expression. Inhibition of
hypocotyl growth by a R pulse given every 4 h, is quantitatively similar in the fri mutants
and WT and the effect is to a large extent red light (R)/FR reversible. Adult plants of the
fri mutants show retarded growth and are prone to wilting in the greenhouse, but exhibit
a normal elongation response to FR given at the end of the daily photoperiod. It is
proposed that the fr/ mutants are phytochrome A mutants which have normal pools of
other phytochromes,

2.1 Introduction

Photomorphogenesis in plants is regulated by different groups of photoreceptors:
phytochromes, which exist in two photochromic forms, Pr and Pfr, absorbing red
light (R) and far-red light (FR), respectively; a blue light (B)YUV-A-absorbing
photoreceptor often referred to as cryptochrome, and a UV-B-absorbing photo-
receptor. The phytochrome photoreceptor system is the best characterized photo-
receptor in higher plants and plays an important role in mediation of plant
developmental responses to light throughout the life cycle of plants. The phyto-
chromes control processes such as seed germination, de-etiolation (inhibition of

This chapter has in part been published:
Van Tuinen and Kerckhoffs ez al. (1995). Mol. Gen. Genet. 246: 133-141. 21



Chapter 2

hypocotyl growth, opening of the apical hook, expansion of the cotyledons,
development of chloroplasts, accumulation of anthocyanin), shade avoidance and
induction of flowering (Kendrick and Kronenberg, 1994). Phytochrome not only
exists in multiple types, but also works vig different modes e.g. a low fluence
response (LFR), which is R/FR reversible and a high irradiance response (HIR)
which is irradiance and duration dependent (Mancinelli, 1994).

The phytochrome (phy) family of photoreceptors in Arabidopsis consists of five
members, phyA, phyB, phyC, phyD and phyE , whose apoproteins PHYA, PHYB,
PHYC, PHYD and PHYE are encoded by a corresponding number of divergent
genes, designated PHYA., PHYB, PHYC, PHYD and PHYE, respectively
(Sharrock and Quail, 1989; Clack ef al., 1994). The PHYA and PHYB genes are
also present in rice (Dehesh et al., 1991), potato (Heyer and Gatz, 1992a; 1992b)
and tobacco (Adam et al., 1993; Kemn et al., 1993). PHYA, PHYR and PHYC
genes are present in sorghum (Pratt, 1995). It has recently been established that the
PHY gene family in tomato (Lycopersicon esculentum Mill)) is even more
complex and so far five members have been identified: PHYA, PHYBI, FHYB2,
PHYE and PHYF, and there may be as many as nine to thirteen members in total
(Pratt, 1995; Hauser et af., 1995). Through comparisons of peptide sequence and
deduced amino acid sequence, it is accepied that among these members of the
phytochrome gene family, the PHYA gene encodes the well-characterized light-
labile phytochrome or type I phytochrome (Quail, 1991). In etiolated plant tissue
phyA accumulates to relatively high levels in etiolated plant tissue, but is rapidly
degraded upon exposure of such tissue to R or white light {WL) to levels that are
very low in pea (Abe ef al., 1985) and Arabidopsis (Sharrock and Quail, 1989;
Somers et al., 1991) or undetectable in oat (Pratt ez al., 1991). This depletion is
due to degradation of Pfr and to light-mediated down-regulation of PHYA gene
expression (Quail, 1991). Although phyA is still present in fully de-etiolated
plants, type I or light-stable phytochromes, such as phyB, phyC, phyD and phy[F
predominate (Quail, 1991; Pratt, 1995).

The existence of multiple phytochrome species together with the diversity of
phytochrome responses and response modes have led to the conclusion that
different phytochromes may have discrete roles or functions (Smith and Whitelam,
1990; Whitelam and Harberd, 1994). The use of mutant and transgenic plants
having either reduced (or null) or overexpressed levels of specific phytochrome
species has greatly advanced the current understanding of phytochrome function.
So far three types of phytochrome mutants have been characterized: (1) mutants
deficient in the biosynthesis of phytochrome chromophore in Arabidopsis (Parks
and Quail, 1991), Nicotiana plumbaginifolia (Kraepiel er al., 1994), pea (Weller
et al., 1996) and tomata (Terry and Kendrick, 1996) and thus causing a corres-
ponding depletion in the levels of active phytochrome (both light-labile and light-
stable phytochromes); (ii) mutants deficient in phyB in Arabidopsis (Reed et al.,
1993), cucumber (Lopez-Juez et al., 1992), Brassica (Devlin et al., 1992), pea
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(Weller et al., 1995a) and sorghum (Childs ez al., 1992; 1996); (iii) mutants
deficient in phyA, so far only described in Arabidopsis: hy8 (Parks and Quail,
1993; Dehesh et al., 1993), fre (Nagatani et al., 1993) and fhy (Whitelam et al.,
1993) mutants, which all carry lesions in the structural gene for phytochrome A
(Dehesh er al., 1993; Whitelam ef al., 1993; Reed et al., 1994).

The phyB-deficient mutants indicate that phytochrome B is primarily res-
ponsible for R perception during de-etiolation. The phyA-deficient mutants in
Arabidopsis are defective in responsiveness to FR (Parks and Quail, 1993). These
observations are consistent with physiological studies that indicate a light-labile
phytochrome is responsible for the FR-mediated hypocotyl growth inhibition of
etiolated seedlings, via the so-called FR-HIR and that a light-stable phytochrome
mediates the effect of R (Beggs et al., 1980).

In tomato, which is an attractive model system because of its favourable size for
physiological experiments, the extensively studied ax mutant has been considered
a phyA-deficient mutant. Recently, it has been established that the au mutant is
deficient in biosynthesis of the phytochrome chromophore (Terry and Kendrick,
1996) and consequently deficient in all types of phytochromes. In an endeavour
to search for type-specific phytochrome mutants in tomato, we have screened for
mutants under different broad-band wavelengths in an attempt to avoid 'escape’ of
mutants with minor phenotypic effects in WL.

In this chapter a physiological characterization and an analysis at the levels of
spectrophotometrically detectable phytochrome, phytochrome apoproteins and
mRNAs will be presented for two mutants, shown to be allelic, which are
insensitive to FR. These results indicate they are putative mutants in the structural
gene that encodes for the PHYA apoprotein.

2.2 Materials and methods

2.2.1 Plant material

2.2.1.1 Mutant isolation

Two monogenic recessive mutants of tomato (Lycopersicon esculentum Mill.)
cultivar MoneyMaker (MM) were obtained by treating seeds with ethyl methane
sulphonate (EMS) for 24 h in darkness (D} at 25 °C (Koornneef et al., 1990). The
population of M, plants was divided into groups of approximately 10 plants and
per group M, seeds were harvested. The M, seed groups were screened for
mutants with phenotypes deviating from wild type (WT) in continuous broad-band
R and blue light (B). Two independently induced mutants 1-7RL and 1-17BL were
selected for their slightly longer hypocotyls in R and B, respectively.
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In a broad-band spectral scan both mutants, unlike the WT, were shown to be
completely insensitive to FR and therefore the gene symbol fri (far-red light
insensitive) is proposed for these mutants. Genetic complementation analysis
showed that the two mutants were allelic (Van Tuinen et al., 1995a). At the
seedling stage, the 1-7RL is more extreme than the 1-17BL and we refer to them
as fri' and fri?, respectively. Under continuous FR the progeny of selfed F, plants
from the cross between the new mutant lines and the WT parent segregated in a
3:1 (x* = 3.59, p > 0,05) ratio of normal to elongated hypocotyls expected for a
monogenic recessive mutation (Van Tuinen et al., 1995a).

2.2.1.2 Pretreatment of the seeds

Surface sterilization. In all experiments seeds were surface sterilized for 5 min
in a 1/10 (v/v) dilution of commercial bleach (7 % [w/v] NaCl0O3) and washed
thoroughly for 10 min in running tap water before sowing.

Pregermination. To obtain a higher germination percentage and to synchronize
the time of emergence, seceds were pregerminated before final sowing under dim-
green safelight. The surface-sterilized seeds were sown in plastic boxes with
transparent lids (10x10x7 cm) on one layer of filter paper (T300-45 mm; Schut,
Heelsum, the Netherlands) moistened with 7.4 mL germination buffer (10 mM
NaH,PO,.H,0, 10 mM K,HPQO,, 5 mM KNO,, pH 7.5) after Georghiou and
Kendrick (1991) and placed in light-tight boxes in a darkroom at 25 °C. After 48 h
of pretreatment, the pregerminated seeds (showing radicle emergence) were
planted out under dim-green safelight in plastic trays (30x20x5 c¢m) or plastic pots
(9x9x10 cm) filled with a potting compost/sand mixture (3:1, v/v).

2.2.1.3 Growth conditions

All experiments were performed at a constant temperature of 25 °C and a relative
humidity (RH} of 70 %. Experiments carried out in plastic trays and pots were
carefully watered with a watering can once a day under experimental conditions,
e.g. D-controls (viewed under safelight) were watered under dim-green safelight
and absolute D controls were watered in absolute D. Where indicated, plants were
manipulated in dim-green safelight with a fluence rate of ca. 30 nmol.m2.s™.

2.2.2 Phytochrome assays

2.2.2.1 Growth of plant material for the phytochrome assays

Seedlings. Surface-sterilized seeds were sown on 0.6 % (w/v) agar-medium
containing 0.46 gL' Murashige-Skoog basal salts (Murashige and Skoog, 1962)
in plastic plant tissue culture containers (Plantcon; Flow Laboratories Inc.,
McLean, VA, USA). For spectrophotometry and Western-blot analysis, seedlings
were grown at 25 °C for 4 days either in D or irradiated with R (20 pmol.m™2.s™)
for 1-4 h prior to harvest. The upper 1 cm of the hypocotyls, including the
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cotyledons, were harvested under dim-green safelight after gently removing any
remaining seed coats. For in-vive spectrophotometry the samples were collected
on ice and used immediately. Samples for immunoblotting were frozen in liquid
nitrogen and stored at-80 °C before analysis. For Northern-blot analysis seedlings
were grown at 25 °C for 4 days in D. Whole seedlings were harvested, weighed,
frozen in liquid nitrogen, ground to a fine powder and stored at 80 °C before
analysis.

White-light grown plants. For Western-blot analysis plants were grown in pots
containing a 2:3 (v/v) granular-clay based compost/vermiculite mixture in a 16-h
WL (150 pmol.m™.s™ photosynthetically active radiation [PAR]Y8-h D cycles in
a phytotron (Koitotron KG-206HL-D; Koito, Tokyo, Japan) in Japan at 25 °C.
Twenty-one days after sowing, leaf samples were harvested (only leaflets were
used, obtained from leaf number 2 and 3), weighed and frozen in liquid nitrogen
and stored at —80 °C before extraction for immunoblotting. For Northern-blot
analysis plants were grown for 18 days in potting-compost in a greenhouse
(Athens, GA, USA) without supplementary lighting. Complete plants were
harvested usually in mid-afternoon, frozen in liquid nitrogen, ground to a fine
powder and stored at —80 °C before analysis.

2.2.2.2 In-vivo phytochrome spectrophotometry

Dual-wavelength spectrophotometry. All in-vivo spectrophotometric measure-
ments of total spectrophotometrically detectable phytochrome (Ptot) were made
using a dual-wavelength recording spectrophotometer (model 557; Hitachi, Tokyo,
Japan). For each measurement about 0.4 g tissue (collected from 40 seedlings) was
gently packed into a precooled custom-built stainless steel cuvette with glass
windows (10 mm in diameter and about 4-mm path length). All samples were kept
at 4 °C during measurements. The phytochrome content was measured using
alternating monochromatic 730 and 800 nm measuring beams (at 100 Hz),
resulting in a difference in absorbance between 730 and 800 nm (A Ay, o). The
spectrophotometer was equipped with an actinic irradiation unit for photo-
converting the sample with saturating irradiations of R (30 s) and FR (60 s). These
actinic irradiations were sufficient to induce essentially full photoconversion, as
determined by kinetic measurements. The Ptot is measured by subtracting the
A Ay, g after a FR irradiation from that after a R irradiation and expressed as
A(A A 5ooV40 seedlings + standard error (SE). The detection limit of the spectro-
photometer is 2,107 A(A A5 g00)-

Difference spectrophotometry. Difference spectra were made using a recording
difference spectrophotometer (model 3410; Hitachi) by subtracting the absorption
spectrum determined after saturating irradiation of FR (60 s) from that measured
after R (30 ). The absorption specira were determined between 550 and 800 nm
with a scan speed of 120 nm.min™.

25



Chapter 2

2.2.2.3 Western-blot analysis

Phytochrome extraction from seedlings. After adding 20 mg insoluble poly-
vinylpyrrolidone (PVP) about 0.2 g (collected from 20 seedlings) frozen material
was homogenized in 0.2 mL extraction buffer [= 100 mM Tris-Cl (pH 8.3 at
25°C), 50 % (v/v) ethylene glycol, 140 mM ammonium sulphate, 56 mM
2-mercaptoethanol, 20 mM sodium bisuiphate, 10 mM EDTA, 4 mM phenyl-
methylsulphonyl fluoride, and additional protease inhibitors: aprotinin (2 pg.mI.™)
leupeptin (2 pg.mL™), pepstatin A (1 pg.mL™") and 4 mM iodoacetamide]. Tissue
was homogenized at full speed for 1 min in a microfuge tube precooled with liquid
nitrogen using an homogenizer, which just fitted inside the tube, The homogenate
was centrifuged at 0 °C for 15 min at 18,000 g in a microfuge and the supernatant
was carefully collected. The supernatant was mixed directly with 2x standard
concentration sodium dodecyl sulphate (SDS)-sample buffer. The samples (ca. 0.8
mL) contained the final concentrations: 62.5 mM Tris-Cl (pH 6.8 at 25 °C), 2 %
(w/v) SDS, 10 % (v/v) glycerol, 5 % (v/v) 2-mercaptoethanol and 0.001 % (w/v)
bromophenol blue as the dye (Laemmli, 1970) and heated to 100 °C for 2 min to
dissociated the proteins completely, transferred on ice, and centrifuged at 12,000
g for 2 min, Subsequently 5 pL. was immediately used for the SDS-PAGE and the
remainder was stored at —20 °C for further analysis.

Phytochrome extraction from leaves. About 0.5 g of frozen leaves were homo-
genized after adding 50 mg insoluble PVP in 0.5 mL extraction buffer, using a
blender (Physcotron; Niti-on, Tokyo, Japan) at full speed for 1 min. The homo-
genate was centrifuged at 0 °C for 15 min at 15,000 g. The supernatant was
carefully collected and polyethylenimine was added to a final concentration of
0.1 %. The extract was vortexed and after centrifugation for 10 min at 12,000 g
saturated ammonium sulphate solution (0.725:1, v/v) was added to the super-
natant and the extract was gently stirred for 30 min. The ammonium sulphate
precipitate was collected by centrifugation at 12,000 g for 15 min, directly
resuspended into 1x SDS-sample buffer and heated to 100 °C for 2 min, trans-
ferred on ice and centrifuged at 12,000 g for 2 min. Subsequently, 4 uL was
immediately used for the SDS-PAGE and the remainder was stored at -20 °C for
further analysis.

SDS-PAGE. Proteins were clectrophoresed in 6.5 % (w/v) SDS-polyacrylamide
gels, using prestained molecular mass standards (SDS-7B markers; Sigma, St.
Louis, MO, USA). The apparent molecular mass of these prestained markers was
recalibrated using high molecular mass standards (SDS-6H markers; Sigma).

Immunoblotting. After separation by SDS-PAGE, polypeptides were electro-
blotted onto a nylon filter (FineBlott; Atto, Tokyo, Japan) in 100 mM Tris-Cl,
192 mM glycine and 25 % (v/v) methanol. The membranes were blocked in a
series of Tris-Cl buffer-saline Tween (TBST) solutions, all containing 20 mM
Tris-Cl {(pH 7.5 at 25 °C), and varying Tween-20 and NaCl concentrations: (i) 2 %
(v/v) Tween and 500 mM NaCl for 3 min; (i) 0.05 % (v/v) Tween and 500 mM
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NaCl for 10 min; (iti) 0.05 % (v/v) Tween and 150 mM NaCl for 5 min.
Incubation with the primary antibody was in 20 mM Tris-Cl (pH 7.5 at 25 °C),
150 mM NaCl and 1 % (w/v) fat-free milk powder. The monoclonal antibodies to
PHYA and PHYB were mAPS (Nagatani ez al., 1984) and mAT1 (Lépez-Juez et
al., 1992) at 2 pg.mL™" and as a 1:1 dilution of hybridoma culture supernatant,
respectively. Incubation was at room temperature for 2 h. After washing three
times in 20 mM Tris-Cl (pH 7.5 at 25 °C), 0.05 % (v/v) Tween and 150 mM NaCl,
the membranes were incubated for 45 min with a 1:5000 dilution of alkaline-
phosphatase-conjugated goat antibodies to mouse immunoglobulin G (IgG),
washed and stained for alkaline phosphatase according to the manufacturer's
instructions (Protoblot kit; Promega, Madison, WI, USA),

2.2.2.4 Northern-blot analysis

Poly(A*) extraction. About 0.2 g of frozen powder and 1.8 mL of RNase-free
lysis buffer [= 0.1 M Tris-Cl (pH 8.0 at 25 °C), 0.5 M lithium chloride, 10 mM
EDTA (pH 8.0), 1 % (w/v) lithium laurylsulfate (LiDS), 5 mM dithiothreitol
(DTT) and 100 U RNAsin (Promega)], were homogenized with a Vortex for 30 s.
Poly(A*) RNA was purified using magnetic Dynabeads M-280 oligo(dT),; (Dynal,
Skgyen, Oslo, Norway) according to the manufacturers instructions and collected
in 400 pL deionized and distilled water, treated with diethylpyrocarbonate
(DEPC). The concentration of poly(A") RNA was measured spectro-
photometrically (HP 8452A Diode Array Spectrophotometer; HewlettPackard,
Palo Alto, CA, USA) at A, (Sambrook et al., 1989).

Agarose gel electrophoresis and Northern transfer. Between 0.35-1.5 ug of
poly(A™) RNA was dissolved in a volume of 20 pL, consisting of 50 % deionized
formamide, 1x RNA electrophoresis buffer [= 20 mM 3-(N-morpholino)propane-
sulphonic acid (MOPS), 5 mM sodium acetate, | mM EDTA, pH adjusted to 7.0
with NaOH at 25 °C], 5 % (v/v) deionized formaldehyde, 8 % (v/v) glycerol,
25 pg.mlL™ ethidium bromide and 0.002 % (w/v) bromophenol blue. After
incubating at 68 °C for 10 min and a subsequent transfer on ice-water for 2 min,
this denatured RNA was electrophoresed through a 1% (w/v) agarose gel
containing 3 % deionized formaldehyde in 1x RNA electrophoresis buffer, using
a 0.24-9.5 kb RNA ladder as nucleic acid molecular size standard (Gibco BRL,
Gaithersburg, MD, USA). The RNA in the gel was blotted to Gene Screen Plus
membrane (NEN/DuPont, Boston, MA, USA)in 10x SSC[=1.5MNaCl,0.15 M
sodium citrate, pH 7.0] according to the manufacturer's instructions. RNA was
cross-linked to the nylon membrane with 120 mJ.cm™ of UV (FB-UVXL-1000;
Fisher Scientific, Pittsburgh, PA, USA).

Synthesis of complementary RNAs. Radiolabelled complementary RNA (cRNA)
probes were transcribed from pTA ®A-1, pTA®BI1-1, pTA®B2-1, pTA®E-],
pTA®F-1 plasmids (Hauser et al., 1995) digested with bamH I endonuclease.
Probes were synthesized at 37 °C for 45 min in a volume of 20 pL, consisting of
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1x transcription-buffer [= 40 mM Tris-Cl (pH 7.5 at 22 °C), 400 uM rATP,
400 pM rGTP, 400 pM rCTP, 6.0 mM MgCl,, 4.0 mM spermidine], 10 mM DTT,
20 uM rUTP, 0.5 pg template DNA, 3.7 MBq *P—UTP (specific activity:
111 TBq.mmol™; ICN Biomedicals, Irvine, CA, USA), 40 U RNAsin (Promega),
and 20 U T3 RNA polymerase (Promega). The actin probe was obtained from
PAAc2-1 plasmids (provided by R. Meagher, University of Georgia, Athens, GA,
USA) which contains an Arabidopsis ACTIN gene. This plasmid was digested
with Xba I endonuclease, after which a cRNA was transcribed using SP6 RNA
polymerase (Promega) instead of T3 RNA polymerase. The DNA templates were
destroyed by adding 50 ng DNase L.uL™" of the transcription reaction mixture and
incubating at 37 °C for 10 min. Unincorporated radioactivity was removed by
purification through a Qiagen Tip-20 (Qiagen, Chatsworth, CA, USA) according
to the manufacturer's instructions for purification of RNA run-on transcripts.

RNA hybridization. The RNA blots were prehybridized at 68 °C for at least 4 h
in 50 % deionized formamide, 500 mM sodium phosphate (pH 7.0}, 1 % SDS and
100 pg.mL™" heat-denatured and sonicated single-stranded salmon sperm DNA in
5x SSPE [= 0.9 M NaCl, 50 mM Na,PO,, 5 mM EDTA (pH 7.5 at 25°C)
(Sambrook et al., 1989)] and 1x Denhardt's solution [= 0.02 % (w/v) Ficoll,
0.02 % (w/v) bovine serum albumin (BSA), 0.02 % (w/v) PVP (Sambrook e? al.,
1989)]. Subsequently, approximately 1.8 MBq of radiolabelled PHYA, PHYBI,
PHYB2, PHYE, PHYF and ACTIN cRNA transcribed as before from pTA ®A-1,
pTA®BI-1, poTA®B2-1, pTADE-1, pTA®F-1, pAAc2-1, respectively (Hauser
et al., 1995), were added to the prehybridization solution together with an
additional 100 pg.mL™"' sonicated single-stranded salmon sperm DNA and in-
cubated overnight at 68 °C. The hybridized blots were rinsed 2x 5 min in 1x SSC,
1 % SDS at 68 °C and subsequently washed 3x 20 min in 0.1x SSC, 0.1 % SDS
at 68 °C. Blots were exposed to X-ray film and Phosphorlmager plates and images
were subscquently obtained and analyzed with a Molecular Dynamics Phosphor-
Imager (Model 425F; Molecular Dynamics, Sunnyvale, CA, USA) (Johnston et
al., 1990). Total actin transcript levels were used as an indicator to determine if
equivalent amounts of RNA were present in different samples.

2.2.3 Anthocyanin assay

For the determination of anthocyanin, samples were extracted with 1.2 mL
acidified (0.3 % HCI, v/v) methanol for 24 h in D while being shaken. A par-
titioning was performed by the addition of 0.9 mL H,O and 2.4 mL chloroform to
the extracts (after Folch et al., 1957). The samples were centrifuged for 30 min at
2000 g. The absorbance (A) of the top phase was determined spectrophotometri-
cally (DU-64; Beckman Instruments, Fullerton, CA, USA) at 535 nm (As;s).
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2.2.4 Experiments

2.2.4.1 Continuous broad-band light experiment

Surface-sterilized and pregerminated seeds were sown in trays and incubated in
D for 72 h at 25 °C. The irradiation with continuous B, R and FR (3 pmol.m2s™)
was started just before the seedlings emerged through the soil surface (= day 0).
The length of 20 hypocotyls (from soil surface to the hypocotyl hook or
cotyledons after opening of the hypocotyl hook) under B, R, FR and in D (viewed
under safelight) was measured with a ruler on a daily basis for 7 days. In addition,
the hypocotyl length of 20 seedlings grown in absolute D for the duration of the
experiment was measured. For determination of the anthocyanin, samples
(4 replicates) of 5 hypocotyls were taken at the end of the experiment (day 7).

2.2.4.2 White-light experiment

Surface-sterilized and pregerminated seeds were planted out under dim-green
safelight in a potting compost/sand mixture in plastic trays and incubated in a
phytotron in a 16-h WL (150 umol.m™.s™" PAR)/8-h D cycle at 25 °C. Every
seedling was marked on emergence, making it possible to measure the hypocotyl
length of each seedling after the appropriate number of WL/D cycles. The length
of the 20 hypocotyls (from root to the hypocotyl hook or cotyledons after opening
of the hypocotyl hook) of the seedlings was destructively measured on a daily
basis for 7 days.

2.2.4.3 Light-pulse experiment

Surface-sterilized and pregerminated seeds were sown in frays and incubated in
D for 48 h at 25 °C. Pulses of R (3 min, 8 pmol.m™.s™") or R immediately
followed by FR (6 min, 7 pmol.m2.s™"), both saturating for attaining phytochrome
photoequilibrium, were given every 4 h beginning at the time of emergence of the
first seedlings. During the pulse irradiation 15 secedlings per treatment were
marked individually on emergence enabling the measurement of hypocotyl length
of each seedling after the appropriate number of pulses (6, 12, 18 or 24).

2.2.4.4 End-of-day FR experiment

Surface-sterilized and pregerminated sceds were sown in pots and grown for 12
days in a phytotron in a 16-h WL (160 pmol.m™.s™' PAR)/8-h D cycle at 25 °C
RH of 65-70 %. At day 13, the plants were transferred to cabinets and allowed to
adjust to the lower level of WL (60 ymol.m™.s™ PAR) for 3 days. Plants were then
selected for uniform height and after the daily WL period received an immediate
20 min FR (5 pmol.m2.s™') irradiation, i.e. end-of-day FR (EODFR), before the
D period (+ EODFR). The controls were grown in an similar cabinet and received
no FR irradiation (— EODFR). Plant height (20 replicates) was measured every 3
days over a 12-day treatment with or without EODFR.
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2.2.5 Light facilities and light measurements

2.2.5.1 Light cabinets

We designed 10 light cabinets, which are housed in the new dark-room facilities
in the basement of the new wing of the department of Plant Physiology. The new
custom-designed movable light cabinets (Fig. 2.1) were made of synthetic material
(Vikupor; Vink, Didam, the Netherlands), covered with aluminium sheets on the
outer surface. The inner dimensions of the cabinets are: 75 cm wide, 125 ¢m long
and 100 cm high. Seedlings or plants are placed on a height-adjustable plateau
(range 80 cm). The lamp compartment on top of the cabinet provides space for
maximal 12 fluorescent tubes, depending on the type. Special reflectors are used
to ensure uniform light distribution. Filters are mounted in combination with a
diffusor-plate (Vink) between the lamp compartment and the cabinet, Variation
of fluence rates is obtained by the adjustable plateau in the cabinets and with the
use of a continunously variable dimmer unit and time switches (Sylvania Bio-
Systems, Wageningen, the Netherlands). Through air-inlets in the bottom of the
cabinet an air-exchange is maintained by a fan on top of the cabinet, which
discharges the heat produced by the light sources. The cabinets were housed in a
temperature- and RH-controlled darkroom maintained at 25 + 0.5 °C and 70 £
5 %, respectively, and the cabinets were used for irradiation with WL, B, R and
FR (Fig. 2.2).

Figure 2.1. Movable light cabinet with the door open (see text for details).
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2.2.5.2 Light sources

White light. The WL was obtained from: (i) Toshiba DR400/T(L) fluorescent
tubes (Toshiba, Tokyo, Japan) in combination with Mitsubishi MLRBOC 400F-U
HQI lamps (Mitsubishi, Tokyo, Japan) (Lépez-Juez et al., 1995) for WL-grown
plants used in the phytochrome assays (phytotron, Japan); (ii) Philips TL40W/33
and TLMF140W/33 fluorescent mbes (Philips, Eindhoven, the Netherlands) in the
WL experiment (phytotron, Wageningen); (iii) Philips TLD50W/84HF fluorescent
tubes (phytotron, Wageningen) and Philips TLD32W/84HF fluorescent tubes
(light cabinets, Wageningen) for WL in the EODFR experiment. The spectrum of
the Philips TLD32W/84HF is shown in Fig. 2.2.

Blue light. The B was obtained from Philips TL40W/18 monophosphor fluores-
cent tubes filtered through 3-mm Plexiglas blue 248 (R6hm und Haas, Darmstadt,
Germany). This spectrum is shown in Fig. 2.2.
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Figure 2.2. Relative spectral photon distributions of the WL (upper panel); and broad-band B, R
and FR sources (lower panel).
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Red light. The R was obtained from: (i) National F1.20S.W.SDL.NU fluorescent
tubes filtered through 3-mm red acrylic (Shinkolite A102; Mitsubishi Rayon,
Tokyo, Japan) in the phytochrome assays (used for 14 h R irradiation) in Japan;
(ii) a xenon-lamp (150 W; Ushio, Tokyo, Japan) filtered through a 658-nm
interference filter (Vacuum Optics, Tokyo, Japan) for in-vive spectrophotometry
performed in Japan; (iii} Philips TLA0W/103339 monophosphor fluorescent tubes
filtered through two layers of primary-red filter (Lee; Flashlight Sales, Utrecht, the
Netherlands) in the continnous broad-band and light-pulse experiment. This
spectrum is shown in Fig. 2.2.

Far-red light. The FR was obtained from: (i} a xenon-lamp (150 W; Ushio)
filtered through a 748-nm interference filter (Vacuum Optics) for in-vivo
spectrophotometry; (ii) Sylvania F48T12/232/HQ fluorescent tubes (Osram Syl-
vania, Danvers, MA, USA) filtered through one layer of primary-red and one layer
of dark-green filter (Lee) in the continuous broad-band light experiment, this
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Figure 2.3. The hypocotyl length of WT (MM), and derived fri’ and fri’ mutant tomato seedlings.
Seedlings were grown for 7 days in continuous broad-band B, R, FR (3 pmol.m".s‘l) and D (viewed
under dim-green safelight). The mean hypocotyl length (mm) + SE of the absolute D control of WT
(MM), fri' and fri’ seedlings at the end of the 7-day period was: 1572, 172+2 and 157 %2,
respectively. The SE in all cases was smaller than the symbols used,
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spectrum is shown in Fig. 2.2; (iii} Sylvania F48T12/232/VHO fluorescent tubes
wrapped with one layer dark-green and one layer primary-red filter (I.ee) in the
light-pulse and EODFR experiments.

Green safelight. The dim-green safelight was obtained from (i) Philips TLD
36W/84 fluorescent tubes filtered through 6 layers of primary-green filter {Lee);
(ii) portable custom-built torches with Philips TLEW/33 fluorescent tubes
wrapped with 6 layers of primary-green filter (Lee).

The fluence rates and exposure times are given in the description of each
experiment.

2.2.5.3 Light measurements

Fluence rates and spectral distributions of the light sources were recorded with a
calibrated LI-1800 spectroradiometer (Li-Cor, Lincoln, NE, USA), using a cosine-
comrected remote probe (1800-11; Li-Cor) placed horizontally at seedling or plant
height. Additional light measurements, mostly routinely fluence-rate measure-
ments, were recorded with a Skye SKP-200 unit (Skye Instruments, Powys, UK)
supplied with a calibrated Skye SKP-215 quantum sensor head.

2.3 Results

2.3.1 Phenotypes

The kinetics of inhibition of hypocotyl elongation under continuous low-fluence
B, R and FR for 7 days of the fri’ and fri? mutants, compared to their correspon-
ding WT is shown in Figure 2.3. The phenotype of fri' and WT, 7 days after
emergence under these conditions is shown in Figure 2.4. In comparison to WT,
in B both fri mutants have elongated hypocotyls, whereas in R only the f¥i’ is
slightly more elongated. When grown in FR, both fri' and fri* mutants do not
differ from plants grown in D, thus are completely blind to FR. The hypocotyls are
elongated, the apical hooks closed and the cotyledons are unexpanded. The WT
plants grown in FR exhibit less hypocotyl growth inhibition than in B and R, and
the cotyledons remain yellow, but fully expand.

The anthocyanin content after 7 days continuous B, R, FR and D for both fri
mutants compared to WT is given in Figure 2.5. The f#i mutants, compared to WT,
show a reduced anthocyanin accumulation under B, whereas under FR almost no
anthocyanin is synthesized. However in R the fri’ and fri’ mutants show an
enhanced, although quantitatively different, anthocyanin accumulation compared
to WT.
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D B R FR

Figure 2.4, Phenotypes of WT (MM) and derived fri’ mutant tomato seedlings. Seedlings were
grown for 7 days after emergence in D and continuous broad-band B, R and FR (3 pmol.m™2.s™ ). For
each treatment the seedling on the left is the WT (MM) and that on the right is the fri' mutant.
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Figure 2.5, The anthocyanin content (Ag;¢/5 hypocotyls = SE) of WT (MM), and derived fri' and fi°
mutant tomato seedlings. Seedlings were grown for 7 days in continuous broad-band B, R, and FR
(3 pmol.m=s™) and absolute D,
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When grown in a 16-h WL (150 pmol.m*.s™ PAR)Y/8-h D cycle, the fri mutant
seedlings are phenotypically hardly distinguishable from WT (Fig. 2.6). A very
slightly retarded growth becomes obvious for both fri mutants, when grown under
the same WL/D-cycle (but at a lower light level) for 25 days (Fig. 2.7). This
retarted growth becomes much more obvious in plants grown in the greenhouse
and the fri mutant plants wilt strongly on sunny days. Preliminary data indicate
that detached lecaves of fri mutant plants do not show an enhanced water loss as
is found in abscisic acid-deficient mutants where this is due to their inability to
close their stomata {A. Van Tuinen, pers. comm.). Noteworthy is the appearance
of adventious roots along the stem-axis in adult fri’ mutants when grown under
greenhouse conditions. The fri’ mutant is more extreme at seedling stage (the
hypocotyls in R have more anthocyanin and are slightly longer), whereas the fri’
mutant is much more extreme in adult WL-grown plants being more inhibited in
stem growth extension and more susceptible to wilting under greenhouse
conditions.

2.3.2 Phytochrome assays

2.3.2.1 In-vivo spectrophotometry

Figure 2.8 shows representative difference spectra for in-vivo phytochrome
phototransformation in standard samples of 4-day-old D-grown WT and fri’
seedlings. The amount of total spectrophotometrically detectable phytochrome
(Ptot) in the fri’ mutant is approximately 1.5 107 A(A A3 500), Which is 8-10 %
of that in WT. The signal is far above the detection level of the spectrophotometer,
which was 0.2 107 A(A Ajsy 400)- The destruction kinetics of Ptot in the 4-day-old
WT and fri mutant seedlings during irradiation with continuous R (Fig. 2.9) show

50 - WL g
E
E
=
2 4wl ﬂ
R
=
8
g O WT(MM)
2 ¥r A frit i
v friz
01’ 1 1 1 1 | L 1 j
0 1 2 3 4 5 6 7

Time (days)

Figure 2.6. The hypocotyl length of WT (MM), and derived fri’ and fri* mutant tomato seedlings.
Seedlings were grown in a 16-h WL (150 pmol.m™.s™ PAR)/8-h D cycle for 7 days. The SE in all
cases was smaller than the symbols used.
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WT (MM) fri fri?

Figure 2.7. Phenotypes of WT (MM) and derived fri’ and fr# mutant tomato plants. Plants were
grown in a 16-h WL (100 umel.m2.s™ PAR)/8-h D cycle for 25 days.

a steady-state low level of Ptot in the fri mutants is not susceptible to destruction
during the R irradiation. The 4-h R irradiation resulted in a depletion of Ptot in
WT to a same residual level as in both fri mutants, representing a light-stable
fraction of Ptot.

2.3.2.2 Western-blot analysis

Using an antibody to pea PHY A (mAPS5) no immunochemically detectable phyA
apoprotein (PHYA) was observed in extracts of 4-day-old eticlated seedlings of
both fri mutants (Fig. 2.10). In WT a band at 116 kDa is detected which, as
expected for phyA, is strongly depleted during a 4-h R irradiation. The very faint
staining detectable in both fri mutants is estimated as less than 1 % of the 116-kDa
band on the basis of a dilution series of the WT (Fig. 2.11) and is quite likely due
to the fact that the antibody used for the detection of PHYA, recognizes other
minor phytochrome spectes. Immunoblot analysis with specific antibodies raised
against native tomato PHYA, when available, will prove whether the fri mutants
are slightly leaky or not.

Using an antibody to tobacco phyB polypeptide PHYB (mAT1), no differences
were observed between WT and both fri mutants. After a 4-h R irradiation a
similar pattern was observed, indicating that these PHYB-like proteins detected
by mAT]1 are relatively stable under these conditions (Fig. 2.10). As expected, this
pattern was retained in WL-grown plants of the both fri mutants (Fig. 2.12).
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Figure 2.8. Difference spectrum for in-vivo phytochrome phototransformation in dark-grown 4-day-
old WT (MM) and derived fri' mutant tomato seedlings, obtained by subtracting the absorption
spectnum determined after FR irradiation from that measured after R irradiation (Pr-Pir). Scan speed
for measurement was 120 nm.min™.
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Figure 2.9. Destruction kinetics of (otal spectrophotometrically detectable phytochrome (Ptot) in
4-day-old WT (MM), and derived fri’ and /¥ mutant tomato seedlings during irradiation with
continuous R (20 pmol.m™.s™) at 25 °C. Piot is expressed as A(A A,y p0 /40 seedlings. The dashed
horizontal line indicates the detection limit for the spectrophotometer. Error bars represent the SE.
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Figure 2.10. Western-blot analysis of phytochrome A and B polypeptides (PHYA and PHYB,
respectively} in crude extracts of WT (MM), and derived f+i' and f+* mutant tomato seedlings. Dark-
grown 4-day-old seedlings, or seedlings of the same age but exposed to 4 h R (20 umol.m™2s™"), were
used for the detection of PHYA and PHYB with monoclonal antibodies mAPS and mATI,
respectively.
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Figure 2.11. Western-blot analysis of a serial dilution of phytochrome A polypeptide (PHYA) in
crude extracts of WT (MM) and derived fr#’ mutant tomato seedlings. Dark-grown 4-day-old seedlings
were used for the detection of PHY A with monoclonal antibody mAPS.
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Figure 2.12. Western-blot analysis of phytochrome A and B polypeptides (PHYA and PHYB,
respectively) in crude leaf extracts of WT (MM) and derived fri’ and fri’ mutant tomato plants. Plants
grown in a 16-h WL (150 pmol.m™.s™ PAR)Y8-h D cycle for 21 days, were used for the detection of
PHYA and PHYB with monoclonal antibodies mAPS and mAT1, respectively.

39



Chapter 2

2.3.2.3 Northern-blot analysis

Hanuser et al. (1995) showed that the phytochrome gene family consists of at least
five members in tomato: PHYA, two PHYBs (PHYBI and PHYB2), PHYE and
PHYF. Northern-blot analysis established that each of these PHYs is expressed as
a mRNA sufficiently large (3.8—4.7 kb) to encode a full-length PHY (Hauser et
al., 1995).

Using gene-specific cRNA probes it is clearly demonstrated that PHYA mRNA
is modified in both f¥i mutants, revealing two aberrant bands in the Northern blots
(Fig. 2.13). No differences in amount or size of PHYA, PHYB2, PHYE and PHYF
mRNAs were observed between the WT and the fri-alleles (Fig. 2.13; data not
shown).

2.3.3 Physiological characterization

2.3.3.1 De-etiolation

After 7 days in D both fri mutants and the WT exhibit efficient chlorophyll
biosynthesis and cotyledon expansion on transfer to WL. However, after 7 days
in FR, while the fri mutants de-etiolate, the WT seedlings that have expanded their
cotyledons lose their capacity to green in WL (Van Tuinen et al., 1995a).

W W FHYB1
™ W@ PHYB2
" W @ ACTIN

Figure 2.13. Northen-blot analysis of PHYA, PHYB! and PHYB2 mRNA present in 1.0 pg poly(A)'
RNA. RNA was isolated from WT (MM), and derived fri’ and fr# mutant tomato seedlings. Seedlings
were grown at 25 °C for 4 days in darkness. The **P-radiolabelling was detected and quantitated with
a Phosphorlmager using ACTIN mRNA (present in 0.5 pg poly(A)” RNA) as an internal standard.
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Although, this FR block of cotyledon greening never occurs in the natural light
environment, it provides a simple screen for mutants in phyA-signalling (Barnes
et al., 1996).

2.3.3.2 Low fluence response experiments

In continuous low fluence broad-band R the hypocotyl growth of the fri mutants
is only slightly less inhibited than the WT (Figs. 2.3 and 2.4). Spectrophotometric
analysis showed that the PHY A pool is essentially depleted after 4 h R (Fig. 2.9).
This suggests the involvement of phyB and/or other stable type phytochrome(s)
in the LFR of hypocotyl growth inhibition. It is thercfore expected that the phyA-
deficient fri mutants display normal R/FR reversibility for hypocotyl growth
inhibition. To test this hypothesis the effect of pulses of R or R immediately
followed by FR (both saturating for phytochrome photoconversion) given every
4 h on hypocotyl growth inhibition were investigated (Iig. 2.14). As expected the
R/FR reversibility of the hypocotyl growth inhibition is retained in the fri mutants.

2.3.3.3 End-of-day FR experiments

Although both fri mutants show a retarded growth habit compared to WT, they
respond to EODFR treatment with an increase in plant height qualitatively similar
to WT (Fig. 2.15). This suggests that the phytochrome involved, presumably
phyB, functions normally and, moreover, that phyA has little or no influence on
stem elongation of tomato in WL.

2.3.3.4 Germination

Unlike the au mutant (Koornneef et al., 1985), seeds of the fri’ mutant which
germinate in D are inhibited by continuous FR (Van Tuinen et al., 1995a).

2.4 Discussion

2.4.1 The FRI locus is probably the PHYA structural gene

We have shown that two mutants at the FRI locus of tomato differ in the same
way with respect to WT in their phofobiology. The loss of sensitivity to FR
correlates with the lack of the bulk pool of phytochrome in etiolated seedlings
(predominantly phyA; Figs. 2.8 and 2.9) and the immunochemically detectable
PHYA (Figs. 2.10 and 2.12), points to a defect in phytochrome A in both fri
mutants. Northern analysis showed that the PHYA mRNA has two aberrant bands
(Fig. 2.13). The fri mutants and the PHYA gene were recently mapped by classical
and RFLP analysis at an indistinguishable position on chromosome 10 (Van
Tuinen et al., 1996b), confirming our prediction that the two loci are identical
(FRI = PHYA).
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Figure 2.14. Hypocotyl length of WT (MM}, and derived fri’ and fri’ mutant tomato seedlings.
Seedlings were treated with pulses of R or R immediately followed by FR and a D control, The R and
FR pulses (both saturating for phytochrome photoconversion) were repeated every 4 h from the time
of emergence. The SE in all cases was smaller than the symbols used.
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Figure 2.15. Plant height of WT (MM), and derived i’ and fri’ mutant tomato plants. Plants were
grown in a 16-h WL (60 pmol. m2.s™ PAR)/8-h D cycle. After 17 days from sowing plants were either
submitted to an immediate 8-h D period (— EODFR) or given a 20-min FR pulse before the D period
{+ EODFR) for 13 days. Error bars represent the SE.

Recent analysis of the PHYA gene of the fri’ and fri’ mutants revealed a
mutation comprising an adenine (A)-to-thymine (T) nucleotide substitution at the
3' splicing site of the first intron in the main open reading frame. Sequence data
of several reverse transcriptase-polymerase chain reaction (RT-PCR) clones con-
firmed the presence of this intron in mature transcripts from both mutants, Two
in-frame stop codons in the retained intron, lead in most instances to a failure to
remove this intron during mRNA maturation (Lazarova et al., 1996), an obser-
vation which is consistent with the Northern-blot data (Fig. 2.13). Lazarova et al.
(1996) demonstrated unambiguously that both fri mutants are phyA mutants.

The extensively studied au and an au-like yellow-green 2 (yg-2) mutant in
tomato, have long been considered as phyA-deficient mutants (Koornneef e? al.,
1985; Parks et al., 1987; Sharrock et al., 1988). The recent mapping of phyA to
chromosome 10 has demonstrated that neither an nor yg-2, which map to
chromosome 1 and 12, respectively, are simply mutants deficient in phyA alone
(Van Tuinen et al., 1996a; 1996b). Recently, the av and yg-2 mutants were
classified as defictent in phytochrome chromophore biosynthesis (Terry and
Kendrick, 1996), implying a deficiency in all types of phytochrome.
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2.4.2 The role of phytochrome A

Photomorphogenic mutants with a similar D phenotype in FR, but which exhibit
hypocotyl inhibition under other wavelengths have been shown to be phyA
mutants in Arabidopsis: hy8 (Parks and Quail, 1993; Dehesh ez al., 1993), fre
(Nagatani ef al., 1993) and fhy2 (Whitelam ez al., 1993). The phyA-deficient fri
mutants in tomato resemble these of Arabidopsis. In contrast to the Arabidopsis
phyA mutants, the tomato fri mutants show a slightly reduced sensitivity to B and
R, which allowed their initial selection. This indicates that in tomato, phyA can
weakly mediate responses to these wavelengths.

In both species it is established that phyA mediates the FR-HIR for hypocotyl
inhibition in etiolated seedlings and that the other members of the phy family are
unable, alone or together, to substitute for phyA in this photosensory capacity.
Moreover, because transgenic Arabidopsis and tobacco overexpressing PHYA
exhibit enhanced sensitivity to FR, the capacity to mediate the FR-HIR appears to
be an intrinsic property of phyA (McCormac et ai., 1991, Whitelam et al., 1992).
The effectiveness of phyA in the WT in continuous FR is explained by the lability
of the FR-absorbing form of phyA (PfrA), the steady state of which is lower in
FR, resulting in a higher integrated level of Pfr being maintained than in R
(Mancinelli, 1994). The evolution of a light-labile phytochrome may thus be an
elegant solution to the problem of how to use a phytochrome, whose action
normally is inhibited by FR, to mediate responses to FR (Reed et al., 1994). The
ability to respond to FR might be particularly useful to plants germinating under
leaves or thin layers or soil, environments potentially enriched in FR {Smith, 1982;
1994; 1995; Botto et al., 1996).

The phyA-deficient mutants have a more or less WT responsiveness to R and
WL, implying that phyA does not play a major role in regulating photo-
morphogenesis under these conditions (Parks and Quail, 1993). The fact that the
an mutant is more or less blind to R (Koornneef et al., 1985; see Fig. 3.1) and
recently proved to be deficient in the biosynthesis of phytochrome chromophore
(Terry and Kendrick, 1996), thus deficient in all types of phytochrome, gives an
additional indication of the involvement of phyB and/or other phytochromes in the
photocontrol of hypocotyl growth inhibition.

In the fr7 mutant, FR is still able to photoconvert phytochrome by depletion of
the FR-absorbing form of phytochrome (Pfr), as shown in the EODFR, LFR and
germination experiments in which the fri mutants resemble WT. These responses
are therefore apparently mediated by other phytochromes, whose effectiveness is
determined by the photoequilibrium between R-absorbing form of phytochrome
(Pr) and Pfr at any particalar wavelength, meaning that R is more effective than
FR.

The most striking conclusion we can draw from the phenotypes of the Arabidop-
sis and tomato phyA mutants is the very minor or even absence of a role of this
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most abundant (in darkness) phytochrome species in light-grown plants. While
young fri-mutant plants grown in the phytotron are only slightly retarded
compared to the WT, the older plants in the greenhouse exhibit strong wilting on
sunny days which presumably accounts for their slower growth. The normal green
leaf colour of the fri mutants and growth habit in general is in strong contrast to
the phenotype of the au and yg-2 mutants of tomato (Van Tuinen et al., 1996a),
which at both the seedling and adult plant stage are characterized by a pale-green
phenotype. We now assume that these effects, formerly attributed exclusively to
the phyA deficiency of these mutants (Adamse et al., 1988) might be due to the
deficiency of other phytochrome types and/or other effects of a defect in
tetrapyrrole biosynthesis (Terry and Kendrick, 1996). '
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Analysis of temporarily
mutants indicates the 7
encoding the apoprote

Abstract. Four monogenic recessive mut;
at the temporarily red light-insensitive (TRI}
breeding line GT; & and tri¥, in the geneti¢:
been studied. These mutants, which are allel
light (R) during the first 2 days upon transition from dark ing in long
hypocotyls and small cotyledons. In white light these mutants have slightly longer
hypocotyls than wild type (WT). Western-blot analysis shows that the i’ mutant is
defictent in a relatively light-stable phytochrome apoprotein (116 kDa) that is recognized
in WT by an antibody to tobacco phylochrome B; ¢ri has a 116-kDa band, but is reduced
in abundance;  and tri* have bands of lower molecular mass and reduced abundance
at ca. 105 and 95 kDa, respectively. These patterns are also found in light-grown plants.
Northern-blot analysis for PHYBI mRNA showed for zr¢ a transcript ca. 2 kb larger; a
transcript of WT size but much reduced in abundance for tri*; #ri and #i have transcripts
of equivalent size and abundance to WT. In these mutants the transcripts of other
members of the tomato phytochrome gene family (PHYA, PHYB2, PHYE, PHYF) were
indistinguishable in size and abundance from WT. Thus, it appears that the #ri locus
specifically affects PHYBI gene expression. It is concluded that phyB ! plays a major role
during de-etiolation. Unlike phytochrome-B mutants in other plants, de-etiolated
seedlings of the i mutants exhibit normal responses to end-of-day far-red (EODFR) and
supplementary far-red during the day. Since phyB1 and phyB2 are closely related, it is
proposed there might be redundancy between them for these responses. In addition the
aurea”,tri’ (au”,tri'), high-pigment-1* tri’ (hp-1*,#ri') and fri’,tri’ double-mutants were
also characterized.

3.1 Introduction

Phytochromes are the best characterized photomorphogenic photoreceptors in
plants and are responsible for many developmental responses to light (Kendrick
and Kronenberg, 1994). Phytochrome is a chromoprotein, consisting of two
subunits with a molecular mass of 114-130 kDa each, depending on the plant
species (Quail, 1991). Each subunit is composed of a phytochrome apoprotein

This chapter has in part been published:
Kerckhoffs et al. (1996). Planta 199: 152-157.
Van Tuinen and Kerckhoffs ez al. (1995). Plant Physiol. 108: 939-947, 47
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(PHY) to which a linear tetrapyrrole chromophore is covalently attached (Terry
et al., 1993). Phytochromes undergo photoconversion between two spectrally
distinct molecular forms: the red light (R)-absorbing form (Pr) and the far-red
light (FR)-absorbing form (Pfr). Phytochromes enable the plant to sense the
ambient light environment in several ways: quantitatively (photon-counting),
qualitatively (measuring the ratio of red to far-red light) and by several response
modes: a low fluence response (LI'R), which is R/FR reversible, and a high
irradiance response (HIR), which is irradiance and duration dependent
(Mancinelli, 1994).

A small gene family encodes the distinct molecular species of phytochrome in
all higher plants species so far studied. The first characterized phytochrome family
was in Arabidopsis, where five phytochrome genes (PHYs) have been identified
(PHYA-E) (Sharrock and Quail, 1989; Clack et al., 1994). These five PHYS
comprise four subfamilies on the basis of deduced amino acid sequence
homology: A, B (which includes PHYD), C and E (Quail, 1991; Pratt, 1995).

Recent research reports the presence of an even more complex PHY family in
tomato (Lycopersicon esculentum Mill.). So far five members have been
identified: PHYA, two PHYBs (PHYB/! and PHYB2), PHYE and PHYF, the latter
being so named because it has no preferential amino acid sequence similarity to
any other known PHY (Hauser ez al., 1995). The individual PHYs show unique
spatial and temporal patterns of gene expression during the life cycle of the plant
(Pratt, 1995; Hauser et al., in press), which could yield functionally distinct
phytochromes that possess discrete photosensory functions and/or mediate
different photomorphogenic responses temporally and spatially.

Studies of type-specific phytochrome mutants and/or transgenic plants
overexpressing a specific phytochrome are extremely useful tools in order to
assign function(s) and action to the individual members of the phy family
{Kendrick and Nagatani, 1991; Koornneef and Kendrick, 1994; Whitelam and
Harberd, 1994). Several type-specific mutants have been characterized so far: (i)
mutants that are deficient in all types of phytochrome, probably caused by a defect
in the biosynthesis of the common phytochrome chromophore, such as the hyl,
hy2 and hy6 (= hyl) mutants in Arabidopsis (Chory et al., 1989a; Parks and Quail,
1991), the pew mutants of Nicotiana plumbaginifolia (Kraepiel et al., 1994), the
pedl mutant in pea (Weller ef al., 1996}, and the eu and yg-2 mutanis in tomato
(Terry and Kendrick, 1996; Van Tuinen et al., 1996a). (ii) the phyA-deficient
mutants in Arabidopsis (Dehesh et al., 1993; Nagatani er al., 1993; Whitelam et
al., 1993) and tomato (Chapter 2). (iii) the phyB-deficient Ay3 mutants in
Arabidopsis (Somers et al., 1991; Reed et al., 1993), the /A mutant in cucumber
(Adamse er al., 1987; Peters er al., 1991; Lépez-Tuez et al., 1992), the ein mutant
in Brassica (Devlin et al., 1992), the lv mutants in pea (Weller ef al., 1995a) and
the ma,® mutant of sorghum (Childs et al., 1991; 1992; 1996). In the case of the
Arabidopsis hy3 (= phyB) and sorghum ma,® (= phyB) mutants it has been proven
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that the mutation is located in the PHYRB gene itself (Reed ef al., 1993; Childs ez
al., 1996). Complementary studies with transgenic lines overexpressing PHYA or
PHYB have also been carried out (Boylan and Quail, 1989; 1991; Kay ef al.,
1989b; Keller et al., 1989; Cherry et al., 1991; Wagner et al., 1991; McCormac
et al., 1993; Jordan ef al., 1995) which demonstrate induction of a general light-
exaggerated phenotype.

In general, ¢tiolated seedlings of mutants at the PHYA locus respond to
continuous R but not to continuous FR, whereas etiolated seedlings of mutants at
the PHYRB locus respond to continuous FR, but show reduced responsiveness to
continuous R (Quail et al., 1995). A common feature of the phyB-deficient
mutants is the absence of, or a severely reduced, shade-avoidance response,
resulting in an elongated stature and a slightly reduced chlorophyll content.

In this chapter a physiological characterization and an analysis of spectrophoto-
metrically detectable phytochrome, phytochrome apoproteins and mRNAs will be
presented for four alleles at the TR{ locus. These results indicate they are putative
mutants in the structural gene that encodes the PHYB1 apoprotein. In addition the
aurea” tri’ (au”,tri'), high-pigment-1*,¢ri’ (hp-1*,tri'} and fri’, tri' double-mutants
were also characterized.

3.2 Materials and methods

3.2.1 Plant material

3.2.1.1 Mutant isolation
Four monogenic recessive mutants of tomato (Lycopersicon esculentum Mill.)
cultivar MoneyMaker {MM) and a tobacco mosaic virus resistant breeding line GT
(GT) were isolated: three were obtained by treating seeds with ethyl methane
sulphonate (EMS) for 24 h in darkness (D) at 25 °C (Koomnneef et al., 1990) and
one additional monogenic recessive mutant arose as a somaclonal variant in the
progeny of plants regenerated from tissue culture described by Van den Bulk et
al. (1990). The M, seed groups were screened for mutants deviating from WT:
(i) screening for slightly longer hypocotyls in white light (WL), resulted in two
independently induced mutants, C66 and B10, selected in the M, generation
derived from 1650 M, plants (Experiments IT and TIT in Koornneef et al., 1990)
and the somaclonal variant sc72, selected in 1052 progenies of regenerated WT
(MM) plants (Van den Bulk et al., 1990); (ii) screening for longer hypocotyls in
continuous broad-band R yiclded 2-19ARL, selected in M, material described by
Van Tuinen et al. (1995a).

In broad-band spectral study experiments all the mutants show a reduced
hypocotyl growth inhibition in R. Since the mutants are only insensitive to R
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during the first 2 days of R treatment (Fig. 3.1), the gene symbol #ri (temporarily
red light insensitive) is proposed for these mutants. Genetic complementation
analysis showed that the four mutants were allelic. The different alleles have been
numbered in order of isolation: tri’ = C66; tri’ = B10; #r° = sc72; tri’ = 2-19ARL.
The tri' and #r# alleles are in the genetic background GT, while the i’ and #ri*
alleles are in the genetic background MM. Under continuous R the progeny of
selfed F, plants from the cross between the new mutant lines and the WT parent
segregated in a 3:1 (x* = 0.92, p > 0.05 for the F, WT x ¢ri’) ratio of normal to
elongated hypocotyls and normal to small cotyledons expected for a monogenic
recessive mutation. The hypocotyl length of the heterozygote F, is slightly longer
than that of the WT plant due to partial dominance of the mutation (Van Tuinen
et al., 1995b).

3.2.1.2 Construction of the double mutants

The double mutants were obtained from segregating populations derived from
crosses of the monogenic mutants. The fri’,tri' double mutant was identified by
screening for fri’ plants (insensitiveness to FR) in the F, generation and
subsequently by testing F; progenies of several such plants for insensitivity to R
(the tri’ phenotype). The phenotype of the fri’,zri’ double mutant in white light
(WL) resembles the tri’ mutant. The au®tri’ double mutant was derived from
crosses of au” (W616) described by Koornneef ef al. (1985) and the i’ mutant;
and was identified in a F; line derived from an au” like F, plant which segregated
as approximately 25 % slightly taller seedlings with reduced anthocyanin. The
hp-1*,tri' double mutant was derived from crosses of hp-1* (WB3) described by
Peters et al. (1989) and the ¢+’ mutant was selected as follows: the tri’
phytochrome mutants were identified in the F, generations and subsequently hp-1*
segregants among these plants in the ', progeny of these F, plants on the basis of
the Ap phenotype (high anthocyanin level and dark-green immature fruit colour;
see Chapter 5). The hypocotyl length in R of the hp-I*ri’ double mutant is
intermediate between the two monogenic mutants. The adult plant and fruit
phenotype in WL of the Ap-1* i’ double mutant with sp-1* resembled that of the
hp-1" monogenic mutant. For all double mutants allelism tests with the monogenic
mutants confirmed the predicted phenotype.

3.2.1.3 Pretreatment of the seeds

In the WL, delayed-R and end-of-day FR (EODFR) experiments, seeds were
surface sterilized and pregerminated before final sowing in plastic trays with a
potting compost/sand mixture (3:1, v/v) as described in the previous chapter (see
2.2.1.2). In the other experiments (broad-band light, light-pulse and daytime FR
experiments) seeds were directly sown (i.e. non-pretreated) in plastic trays using
the same potting compost/sand mixture.
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To compensate for the retardation of germination of the au” (Koornneef er al.,
1985; Adamse et al., 1988) and au”,tri’ mutants, seeds were pretreated 12 h longer
(60 h of pretreatment) or sown 12 h before those of the WTs and other genotypes
in the EODFR and the continuous broad-band light experiments, respectively.

3.2.2 Phytochrome assays

Methodology for ir-vivo phytochrome spectrophotometry, Western- and Northern-
blot analysis is described in the previous chapter (see 2.2.2). For the study of
phytochrome destruction by in-vivo spectrophotometry seedlings were irradiated
with R for 0.5-6 h prior to harvest.

3.2.3 Anthocyanin assay

Methodology for anthocyanin determination is described in the previous chapter
(sec 2.2.3). In the EODFR and supplementary daytime FR experiments the antho-
cyanin content is expressed on a fresh-weight (FW) basis (A,;s/g FW).

3.2.4 Chlorophyll assay

For the determination of chlorophyll in the EODFR experiment, samples were
weighed and extracted with 3.0 mL dimethylsulfoxide (DMSQ) for WTs (GT and
MM) and tri'; and with 1.5 mL DMSO for au® and au*,tri’, for 12 h in D (after
Hiscox and Israelstam, 1979). After 2 h incubation at 635 °C and cooling down to
20°C the absorbance (A) at 649 and 665 nm was determined spectro-
photometrically (DU-64; Beckman Instruments, Fullerton, CA, USA). Chlorophyll
a and b were calculated on a FW basis using the equations published by
Lichtenthaler and Wellburn (1983) for ethanol (96 %, v/v).

3.2.5 Experiments

3.2.5.1 Continuous broad-band light experiment

Non-pretreated WT(MM), WT(GT), i, tri*, au” and au”,tri’ seeds were directly
sown in trays and incubated in D for 96-108 h at 25 °C. The irradiation with
continuous B, R and FR (3 pmol.m™.s™) was started just before the seedlings
emerged through the soil surface (= day 0). The length of 20 hypocotyls (from soil
surface to the hypocotyl hook or cotyledons after opening of the hypocotyl hook)
under B, R, FR and in D (viewed under dim-green safelight) was measured with
a ruler on a daily basis for 7 days. In addition, the hypocotyl length of 20 seedlings
grown in absolute D for the duration of the experiment was measured. For
determination of the anthocyanin, samples (4 replicates) of 5 hypocotyls were
taken at the end of the experiment (day 7).
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3.2.5.2 White-light experiment

Surface-sterilized and pregerminated WT(MM), WT(GT), tri’, au” and au”,tri’
seeds were sown in plastic trays and incubated in a phytotron in a 16-h WL
(150 umol.m™.s™ photosynthetically active radiation [PAR])/8-h D cycle at 25 °C.
Every seedling was marked on emergence, making it possible to measure the
hypocotyl length of each seedling after the appropriate number of WL/D cycles.
The length of the 20 hypocotyls (from root basis to the hypocotyl hook or
cotyledons after opening of the hypocotyl hook) of the seedlings was destructively
measured on a daily basis for 7 days.

3.2.5.3 Light-pulse experiment

Non-pretreated WT(GT) and #ri’ seeds were directly sown in trays and incubated
in D for 108 h at 25 °C. Pulses of R (3 min, 10 pmol.m™.s™") or R immediately
followed by FR (6 min, 13 pmol.m™s™"), both saturating for attaining phyto-
chrome photoequilibrium, were given every 4 h beginning at the time of emergen-
ce of the first seedlings. During the pulse irradiation 20 seedlings per treatment
were marked individually on emergence enabling the measurement of hypocotyl
length of each seedling after the appropriate number of pulses (6, 12, 18 or 24).

3.2.5.4 Delayed-R experiment

Surface-sterilized and pregerminated WT (GT) and ri’ seeds were sown in trays
and incubated in D for 60 h at 25 °C. The irradiation with continuous R
(3 pmol.m2.s™") was started just before the first seedlings emerged through the soil
surface. All seedlings which had just emerged were marked (= day 0) and the
length of 20 hypocotyls (from soil surface to the hypocotyl hook or cotyledons
after opening of the hypocotyl hook) was measured with a ruler on a daily basis
for 6 days. In addition, the hypocotyl length of seedlings grown in D (viewed
under dim-green safelight) was also measured daily. After the measurement of the
seedlings grown in R for 1 day, and in D for 1 or 2 days, remaining seedlings were
transferred to D and continuous R, respectively (indicated by: 1 d R-D; 1 d D-R
and 2 d D-R) in 20 replicates. The hypocotyl length of 20 seedlings grown in
absolute D for the duration of the experiment was also measured. For
determination of the anthocyanin, samples (4 replicates) of 5 hypocotyls were
taken at the end of the experiment (day 6).

3.2.5.5 End-of-day FR experiment

Surface-sterilized and pregerminated WT(MM), WT(GT), tri’, au” and au”,iri’
seeds were sown in trays and grown for 12 days in a phytotron with a daily
irradiation schedule of 16-h WL (190 pmol.m %s™* PAR)8-h D cycles at 25 °C
and relative humidity of 65-70 %. At day 15 the seedlings were transplanted into
plastic pots (10x10x11 cm) and after transfer to cabinets at day 18 allowed to
adjust to the lower level of WL (125 pmol.m™.s™' PAR) for 1 day before start of
the experimental treatment. Plants were then selected for uniform height and after
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the daily WL period received an immediate 20 min FR (5 pmol.m 2.s™") irradiation,
i.e. end-of-day FR (EODFR) before the D period (+ EODFR). The controls were
grown in a similar cabinet and received no FR irradiation (— EODFR). Plant height
(8 replicates) was measured every 3 days during a 15-day treatment with and
without EODFR.

For determination of the anthocyanin, samples (8 replicates) of young leaves,
comparably developed (5-15 mm in length) were taken at the end of the experi-
ment (day 15). For determination of the chlorophyll, samples (8 replicates) of leaf
number 4 were taken at the end of the experiment (day 15).

3.2.5.6 Supplementary daytime FR experiment
Non-pretreated WT(GT), tri’ and tri’ seeds were directly sown in trays and grown
in a 16-h WL (170 umol.m2.s™' PAR)/8-h D cycle for 7 days at 25 °C The plants
were then transplanted into plastic pots (10x10x8.5 cm) and transferred to a
cabinet with the same cycle, but higher irradiance (230 pmol.m%.s™ PAR) which
had a R:FR photon ratio of 6.90. After 18 days the plants were transferred to two
cabinets with a similar 16-h WL/8-h D cycle (— FR), one of which had additional
FR (+ FR) which is not photosynthetically active and reduces the R:FR photon
ratio to (.13 (sec 6.2.5.1 and 6.2.6.1). Plant height (6 replicates) was measured
every other day during a 6-day treatment with and without supplementary daytime
FR.

For determination of the anthocyanin, samples (6 replicates) of young leaves,
comparably developed (5-15 mm in length) were taken at the end of the experi-
ment {day 6).

3.2.6 Light facilities and light measurements

3.2.6.1 Light cabinets

The continuous broad-band, delayed-R and light-pulse experiment were carried
out in the cabinets for low irradiance, described by De Lint (1960); the EODFR
experiment was carried out in movable cabinets, described by Joustra (1970); all
performed in Wageningen. The supplementary daytime FR experiment was
performed in cabinets at the Botany Department, University of Leicester,
Leicester, UK (see also 6.2.6.1).

3.2.6.2 Light sources and light measurements

White light. The WL was obtained from: (i) Philips TLAOW/33 and TLMF-
140W/33 fluorescent tubes (Philips, Eindhoven, the Netherlands) in the WL
experiment in the phytotron in Wageningen; (ii) Philips TL40W/33 fluorescent
tubes in the EODFR experiment; (iii) Philips BFT 75/85W/35 fluorescent tubes
in the supplementary daytime FR experiment.
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Blue light. The B was obtained from Philips TL40W/18 monophosphor fluores-
cent tubes filtered through 3-mm Plexiglas blue 248 (Rohm und Haas, Darmstadt,
Germany; see 2.2.5.2).

Red light. The R was obtained from: (i) Philips TL40W/103339 monophosphor
fluorescent tubes filtered through 3-mm Plexiglas red 501 (Rohm und Haas) in the
continuous broad-band light and delayed-R experiments; (ii) light-emitting diodes
(NLSO1, 660 nm peak transmission, bandwidth at 50 % of the transmission
maximum 25 nm; Sylvania BioSystems, Wageningen, the Netherlands) in the
light-pulse experiment.

Far-red light. The FR was obtained from: (i) a bank of 60 W 240 V incandes-
cent lamps filtered through 10-cm running tap water and 3-mm Plexiglas red 501
and blue 627 (Rohm und Haas), as described by Koornneef er al. (1980), in the
continuous broad-band light and light-pulse experiments; (ii) Sylvania F48T12/
232/VHO fluorescent tubes (Osram Sylvania, Danvers, MA, USA) wrapped with
one layer dark-green and one layer primary-red filter (Lee; Flashlight Sales,
Utrecht, the Netherlands) in the EODFR experiments; (iii) Lohuis R75/500 W
tungsten halogen lamps, filtered through 4 cm of cooled flowing water and 3-mm
Perspex red 4400 and green 6600 (ICI, Darwen, UK) for the supplementary
daytime FR experiment.

Light-sources used in the phytochrome assays are described in 2.2.5.2. The
fluence rates and exposure times used are given in the description of each
experiment. Light measurements were performed as described in 2.2.5.3.

3.3 Results

3.3.1 Phenotypes

3.3.1.1 Phenotypes of the tri mutants

The kinetics of inhibition of hypocotyl elongation under continuous low-fluence
B, R and FR for 7 days of the #i' and tri’ mutants, compared to their correspon-
ding WT backgrounds is shown in Figure 3.1. The phenotype of the i’ and WT
(GT) after 7 days after emergence under these conditions is shown in Figure 3.2.
In FR and D, there is no difference between the WTs and the ¢ri mutants. In B the
hypocotyls of the #i' and ##’ mutants are slightly elongated compared to their
corresponding WTs. In R, both #7i mutants have longer hypocotyls compared to
the WTs as a consequence of a temporarily insensitivity to R during the first 2
days. Figure 3.3 shows the reduced inhibition of hypocotyl elongation and hook
opening in R for the four #ri alleles compared to the corresponding WTs (GT and
MM) grown for 4 days afier emergence. The four mutants exhibit longer
hypocotyls, which contain less anthocyanin than the WTs in R.
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Figure 3.1. The hypocotyl length of: WT (GT) and derived ti'; WT (MM), and derived ¢ and au®;
au”,tri’ double-mutant (mixed genetic background) tomato seedlings. Seedlings were grown for 7
days in continuous broad-band B, R, FR (3 pmol.m™.s™) and D (viewed under dim-green safelight).
The mean hypocotyl length (mm) = SE of the absolute [) control of WT (GT), WT (MM), rré’, 1,
au” and au” i’ at the end of the 7-day period was: 165+2, 1583, 169x2, 161x2, 1662 and 167
+2, respectively. The SE in all cases was smaller than the symbols used.

The apical hook opening is retarded in the ¢t mutants (Fig. 3.3). However, the
cotyledons exhibit normal chlorophyll synthesis indicating that these two
processes are uncoupled from hypocotyl elongation and anthocyanin accumula-
tion. The retarded hook-opening could be an effect of growing the seedlings in
relatively closed containers, which might lead to enhanced levels of ethylene.
These results indicate that the #ri mutants might exhibit a higher sensitivity to
ethylene. Dark-grown seedlings of the i mutant exhibit an exaggerated curvature
of the apical hook (Fig. 3.4), which is known as one aspect of the 'triple response’
and is normally seen as a result of application of ethylene to etiolated seedlings
(Guzmén and Ecker, 1990, Ecker, 1993).

The anthocyanin content after 7 days continuous D, B, R and FR for the i’ and
tri’ mutant compared to their WTs is given in Figure 3.5. Both #r7 mutants show
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D B R FR

Figure 3.2. Phenotypes of WT (GT) and derived #ri' mutant tomato seedlings. Seed]inng were grown
for 7 days after emergence in D and continuous broad-band B, R and FR (3 umol.m™.s™). For each
treatment the seedling on the left is the WT (GT) and that on the right is the fri' mutant.

Figure 3.3. Phenotypes of: WT (GT), and derived ¢ri’ and #ri’; WT (MM), and derived tri’ and #ri’
mutant tomato seedlings, Seedlings were grown for 2 days in D on filter paper, moistened with
germination buffer, and transferred to continuous broad-band R (3 ymol.m™.s™") for 4 days.
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tri? WT (GT)

Figure 3.4. Phenotypes of WT (GT) and derived tri’ mutant tomato seedlings, showing the
exaggerated curvature of the apical hook in the ##* mutant. Seedlings were grown on agar medium
in Plantcon® containers in D for 3.5 days. Note: the seed coats are still attached in both genotypes.

a reduced anthocyanin accumulation under R compared to WTs and are affected
by the genetic background. However, the reduced anthocyanin accumulation in the
tri' and # mutant phenotypes are qualitatively similar. Under B and FR much
smaller differences were seen in anthocyanin accumulation between the t#i
mutants and WTs. There is an inverse relationship between cotyledon area and
chlorophyll content expressed on a fresh-weight basis, suggesting that total
chlorophyll production is little influenced by the mutation (Van Tuinen et ai.,
1995b).

When grown in a 16-h WL (150 pmol.m™s™' PAR)/8-h D cycle the i’ mutant
is slightly elongated at the seedling stage compared to WT (Fig. 3.6). In older
stages, under the same conditions, the ¢ri mutants are slightly taller than their
corresponding WTs. The difference in height between the fri mutants and their
corresponding WTs becomes more apparent with age. However, there is a strong
interaction between phenotype and the light-conditions. Under relatively low light
conditions (16-h WL [100 pmol.m™.s™ PAR)/8-h D cycle) the ¢ri phenotype is
more pronounced (Fig. 3.7). Young immature leaves of the ¢ri mutants possess
less anthocyanin than the corresponding WT (see the controls in Table 3.2). Older
tri' mutant seedlings show an carly chlorosis of the first leaves, leading to
premature senescence, comparcd to WT and the other three alleles.

3.3.1.2 Phenotypes of the au” and au™ tri' mutants

The kinetics of inhibition of hypocotyl elongation under continuous low-fluence
B, R and FR for 7 days of the au” and au”,tri’ mutants, compared to their corres-
ponding WTs is also shown in Figure 3.1, In R and FR both au* and au”,tri’
mutants do not differ from seedlings grown in D, whereas in B a reduced
inhibition of hypocotyl elongation occurred, as described for the au™ by Koornneef
et al. (1985) and Adamse ef al. (1988). The anthocyanin content after 7 days
continuous D, B, R and FR for the au” and au”,tri’ mutant compared to their
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Figure 3.5. The anthocyanin content {A,;,/S hypocotyls + SE) of: WT (GT) and derived ', WT
(MM), and derived #i’ and au"; au”,tri’ double-mutant (mixed background) tomato seedlings.
Seedlings were grown for 7 days in continuous broad-band B, R, and FR (3 pmol.m™.s™} and
absolute D.

corresponding WTs is given in Figure 3.5. Only in B is a detectable level of
anthocyanin obtained, which is enhanced in the au”,fri’. The #ri mutation still
affects the amount of anthocyanin in the au”,tri'. When grown in 16-h WL/8-h D
cycle both mutants show reduced hypocotyl inhibition (Fig. 3.6), most
dramatically in the au”,tri’ mutant.
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Figure 3.6. The hypocotyl length of: WT(GT) and derived sri; WT (MM), and derived z+ and qu®;
au” tri' double-mutant (mixed genetic background) tomato seedlings. Seedlings were grown in a
16-h WL (150 pmol.m™s™' PAR)/8-h D cycle for 7 days. The SE in all cases was smaller than the
symbols used.

3.3.2 Phytochrome assays

3.3.2.1 The tri alleles

In-vivo spectrophotometry. The destruction kinetics of total spectrophotometri-
cally detectable phytochrome (Ptot) in 4-day-old WT (GT) and the #ri’ mutant
seedlings during irradiation with continuous R (Fig. 3.8) resulted in a depletion
Ptot. No significant difference between the WT and the i’ mutant was seen
during the first hour. However, after 1.5 h a significant difference in Ptot decay
is detected in the #ri' mutant. This could indicate that a predominantly light-stable
phytochrome is deficient in the tri' mutant. Subtraction of the residual stable
phytochrome pool and replotting the data demonstrates approximate first-order
destruction kinetics for the labile phytochrome pool (data not shown). A similar
pattern in Ptot kinetics was observed for all ¢ri alleles in continuous R, although
levels of Ptot in 4-day-old seedlings of GT, #ri’ and #ri® are higher than in 4-day-
old seedlings of MM, #ri° and ¢ri* (Table 3.1). After 4 h continuous R the #i alleles
all have significantly less Ptot than their corresponding WTs, ca. 40 % less for tri’,
tri and tri* and ca. 20 % less for tri° (Table 3.1).

Western-blot analysis. Using an antibody to pea PHY A (mAP5), no differences
were observed in extracts of 4-day-old D-grown seedlings between the WTs (GT
and MM) and the four zri alleles (Fig. 3.9). As expected for phyA, a 4-h R
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-

Figure 37. l;‘hemnolt.ypes of: WT (GT), and detived i’ and tr® (upper panel), WT (MM), and derived

tri” and fri* mutant tomato plants (lower paret). Plants were grown in a 16-h WL (100 pmol.m™.s™

PAR)/8-h D cycle for 25 days.
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Figure 3.8. Destruction kinetics of total spectrophotometrically detectable phytochrome (Ptot) in
4-day-old WT (GT) and derived #i' mutant tomato seedlings during irradiation with continuous R
(20 pmol.m .57 at 25 °C. Ptot is expressed as A{AA;3q 300140 seedlings, plotted on a logarithmic
scale. The dashed horizental line indicates the detection limit for the spectrophotometer. The SE in
all cases was smaller than the symbols used.

Table 3.1. In-vive measurement of total spectrophotometrically detectable phytochrome (Ptot) in:
WT (GT), and derived tri’ and ti*; WT (MM), and derived 7 and ¢ mutant tomato plants. The
Prot in dark-grown 4-day-old scedlings, or seedlings of the same age but exposed to 4 h R (20
pmol.m2s™), was measured using 2 dual-wavelength spectrophotometer and is expressed as

107 A(A Ay 0040 seedlings + SE.

Treatment
Genotype
Dark 4hR

WT (GT) 17.69 £ 0.29 1.33£0.05
i’ 17.23 £ 043 077 2 0.01
ré 1748 £0.41 1.03 +0.04
WT (MM) 15.98 £ 0.31 1.40 +0.03
tri’ 1544 20.15 0.80 =0.03
trit 1525 +0.75 0.83 £ 0.08
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Figure 3.9. Western-blot analysis of phytochrome A and B polypeptides (PHYA and PHYB,
respectively) in crude extracts from: WT (GT), and derived tré’ and %, WT (MM), and derived 21
and #i* mutant tomato seedlings. Dark-grown 4-day-old seedlings, or seedlings of the same age but
exposed to 4 k R (20 pmol.m™.s™), were used for the detection of PHYA and PHYB with monocional
antibodies mAPS and mATH, respectively.

116 kDa — PHYA
(MAPS)
116 kDa — PHYB

(MAT1)

WL

Figure 3.10. Western-blot analysis of phytochrome A and B polypeptides (PHYA and PHYB,
resjpectively) in crude leaf extracts from: WT (GT), and derived i’ and 7% WT (MM), and derived
1ri mutant tomato plants. Plants grown in a 16-h WL (150 pmol.m™.s™ PARY&-h D cycle for 21 days,
were used for the detection of PHYA and PHYB with monoclonal antibodies mAP5 and mATI,
respectively,
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irradiation strongly depletes the light-labile phyA pool in all the genotypes.

Using an antibody to tobacco PHYB (mAT]1), a band at 116 kDa is detected in
both WTs. However it is absent or below the detection limit in the tri’ mutant (Fig.
3.9). The #ri’ allele has a 116-kDa band of strongly reduced intensity of 10 % of
that in WT, estimated from serial dilutions of WT (data not shown). Antibody
mAT1 recognizes truncated proteins of reduced abundance at ca. 105 and 95 kDa
in the ¢ri* and tri mutants, respectively, and the 116 kDa band is absent. After a
4-h R irradiation a similar pattern is observed, indicating that these PHYB-like
proteins detected by mAT]1 are relatively stable under these conditions. These
patterns were retained in WL-grown plants of all four ##i mutants indicating that
the lack of responsiveness is not due to a temporal deficiency of PHYB apoprotein
accumulation during de-etiolation as shown for the ti’, #ri’ and #’ mutants in
Figure 3.10.

Northern-blot analysis. Hauser et al. (1995) showed that the phytochrome gene
family consists of at least five members in tomato: PHYA, two PHYBs (PHYRI
and PHYRB2), PHYE and PHYF. Northern-blot analysis establishes that each of
these PHYs is expressed as an mRNA sufficiently large (3.8—4.7 kb) to encode a
full-length PHY (Hauser ez al., 1995).

Using gene-specific cRNA probes, no differences in amount or size of PHYA,
PHYB2, PHYE and PHYF mRNAs were observed between the WTs and the ¢ri-
alleles (Fig. 3.11). While PHYBI mRNA did not differ between both WTs and tr#’
and #r7’ mutants, the ##i mutant does have a transcript about 2 kb larger than WT
and a weak band of smaller size than the PHYBI band in the WT. In the #r*
mutant the level of transcript is reduced (Fig. 3.11).

3.3.2.2 Double mutants

In-vivo spectrophotometry. Spectrophotometric analysis of the Ptot (Fig. 3.12)
revealed the expected deficiencies in the au”, tri’ double mutant, as was the case
in the monogenic au® (Koornneef et al., 1985). The signals in au” and au”,tri’
were below the detection limit of the spectrophotometer, which was 0.2 107
A(AAq ). Both etiolated aw® and aw”,tri’ seedlings therefore contain < 1 % of
the Ptot present in the WT. The fri’,zri’ double mutant has a low level of total
phytochrome, which was not susceptible to destruction during a 4 h R irradiation.
This low level was identical to that in the ti’ after a 4 h R irradiation. The
hp-1" tri’ essentially resembles the monogenic ¢ri’ (data not shown). Figure 3.12
also includes data for the monogenic fri’ (Chapter 2) and #i' (Fig. 3.8) mutants for
comparison.

Western-blot analysis. Analysis revealed the expected deficiencies: no immuno-
chemically detectable 116 kDa-phyA polypeptide (PHYA) and 116 kDa-phyB-like
polypeptide (PHYB) in the fri',tri’ double mutant (Fig. 3.13); no immuno-
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Figwre 3.11. Northern-blot analysis of PHYA, PHYBI, PHYB2, PHYE and PHYF mRNA present in
1.0, 1.0, 1.0, 1.5, 1.5 pg poly(A)Y RNA, respectively. RNA was isolated from: WT (GT), and derived
fri' and ri¥; WT (MM), and derived #4* and zri’ mutant tomato plants. Plants were grown in a
greenhouse for 18 days. The *°P photolabelling was detected and quantitated with a Phosphorlmager
using ACTIN mRNA (present in 0.35 pg poly{A)" RNA} as an internal standard.

chemically detectable PHYB in the au”,#ri’ (Fig. 3.14A) and hp-1",tri’ double
mutant (Fig. 3.14B). The au” and au”,zri’ mutants show a reduced level of PHYA
(ca. 25 % of the WT), which was not degraded by a 4-h R irradiation as in WT and
is in agreement with the observation of no spectrophotometrically active
phytochrome, i.e. no PrA - PfrA photoconversion, in the g« monogenic and au®

double-mutants.
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Figure 3.12. Destruction kinetics of total spectrophotometrically detectable phytochrome (Piot) in
4-day-old WT (GT), eri’, fri', auw”, fri',tri' and an” tri' mutant tomato seedlings during irradiation
with continuous R (20 pmol.m2.s™) at 25 °C. The Prot is expressed a5 A{A Aqyy 50040 seedlings,
plotted on a linear scale. Error bars represent the SE.
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Figure 3.13. Western-blot analysis of phytochrome A and B polypeptides (PHYA and PHYB,
tespectively) in crude extracts of: WT (GT) and derived &i'; WT (MM) and derived fri'; fri',eri’
double-mutant (mixed genetic background) tomato seedlings. Dark-grown 4-day-old seedlings, or
seedlings of the same age but exposed to 4 h R (20 pmol.m™.s™), were used for the detection of
PHYA and PHYRB with monoclonal antibodies mAP5 and mAT]1, respectively.
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A
116 kDa — PHYA
{(mAPS)
116 kDa — PHYB
(MAT1)
Dark 4hR
B
116 kDa — PHYA
(MAPS)
116 kDa — PHYB

{mAT1)

Dark 4hR

Figure 3.14. Western-blot analysis of phytochrome A and B polypeptides (PHYA and PHYB,
respectively) in crude extracts of: (A) WT (MM} and derived au®; au”,tri’ double-mutant (mixed
genetic background) tomato seedlings; (B) WT (GT), and derived #ri’, hp-1* and hp-1*,tri’ double-
mutant tomato seedlings. Dark-grown 4-day-old seedlings, or seedlings of the same age but exposed
to 4 h R (20 pmol.m™s™), were used for the detection of PHYA and PHYB with monoclonal
antibodies mAPS and mAT!, respectively.
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3.3.3 Physiological characterization

3.3.3.1 Low fluence response experiments

The phyB1-deficient i mutants, in contrast to the phyA-deficient fri mutants
(Chapter 2), show retarded and reduced hypocotyl growth inhibition in continuous
broad-band R (Fig. 3.1). Whereas spectrophotometric analysis has shown that the
phyA pool is depleted after 4 h R (see 2.3.2.1), phyB and/or other light-stable type
phytochrome(s) must play the major role in growth inhibition under continuous
R. We tested the involvement of a low fluence response (LFR), which is R/FR
reversible, in hypocotyl growth inhibition with pulses of R or R immediately
followed by FR (both saturating for phytochrome photoconversion) given every
4 h on hypocotyl growth inhibition. Figure 3.15 shows that the ¢ri’ mutant is
insensitive to R only during the first 2 days of pulse treatment. Thereafter the
inhibitory effect of R on hypocotyl elongation growth and FR reversibility are
exhibited in the i mutants. Since the phyB-like phytochrome is still below
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Figure 3.15. Hypocotyl length of WT (GT) and derived #ri’ mutant tomato seedlings. Seedlings were
treated with pulses of R or R immediately followed by FR and a D control. The R and FR. pulses (both
saturating for phytochrome photoconversion) were repeated every 4 h from the time of emergence.
The SE in all cases was smaller than the symbols used.
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detection limits in older WL-grown plants of the tri' mutant (Fig. 3.10), the
temporal appearance of responsiveness to R cannot be explained by a delay in
appearance of the phyB-like phytochrome detected by the antibody used.

3.3.3.2 Delayed-R experiment

To test whether the 2-day period of insensitivity to R for hypocotyl growth
inhibition of the tri' mutant depends on a temporal pattern of development or on
the time after a transfer from D, seedlings were grown in I, in continuous R,
grown and kept in D for 1or2 day(s) after emergence before transfer to
continuous R or grown and kept in R for 1 day after emergence before transfer to
D (Fig. 3.16). The WT exhibits a significant response to R within 24 h after
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Figure 3.16. Hypocotyl length of WT (GT) and derived #i mutant tomato seedlings. Seedlings were
grown for 6 days after emergence in D, continuous R (3 pmol.m™.s™), transferred to R after a D

period of 1 day (1 d D-R)or 2 days (2d D-R} or transferred to D after a R period of 1 day (1 d R-D).
Error bars represent the SE.
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transfer from D to R after 1 or 2 day(s), and after transfer from R to D after 1 day.
The tri’ mutant stays insensitive to R for 2 days following the transfer from D to
R irrespective of the length of the preceding D period. Although no inhibition
occurs during the first day, the i’ mutant is able to sense R given for 1 day before
transfer to ID. This small effect suggests appearance of responsiveness to a stable
phytochrome species.

In all treatments where seedlings emerged in D, no anthocyanin was synthesized
in either genotype. The anthocyanin content (As;s/5 hypocotyls+SE) in continuous
R was 0.110+0.003 and 0.043+0.002 for WT and #ri’, respectively. The transfer
from R to D after 1 day gives a 15 % reduction in anthocyanin content in both WT
and tri’.

3.3.3.3 End-of-day FR and supplementary daytime FR experiments

All genotypes respond to EODFR treatment with an increase in plant height that
is quantitatively similar to both WTs (Fig. 3.17), although the absolute height of
the tri’ and au” mutant is somewhat higher and lower, respectively. The au®, tri’
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Figure 3.17. Plant height of: (A) WT (GT) and derived #¢' mutant tomato plants; (B} WT (MM) and
derived au”; au”,tri’ double-mutant (mixed genetic background) tomato plants. Plants were grown in
a 16-h WL (125 pmol.m™.s™ PAR)/8-h D cycle. After 19 days from sowing, plants were submitted
to an immediate 8-h D (- EODFR) period or giver a 20-min FR pulse before the D period
{+ EODFR). Error bars represeat the SE.
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Figure 3.18. Plant height of WT (GT), and derived #i' and #i" mutant tomato plants, Plants were
grown in a 16-h WL (230 ymol.m™ 5™ PAR)/8-h D eycle. After 18 days from sowing, plants were
submitted to a similar WL/D cycle (— FR) or a similar WEL/D cycle with supplementary daytime FR
(+ FR). Error bars represent the SE.

double mutant established a response to EODFR during the first 6 days of
treatment, whereafter no response seemed to occur. This is probably due to a
maximal shade-avoidance response due to the severe phytochrome deficiency in
au”,tri’.

Both #ri' and tri’ mutants, and their corresponding WT (MM) also show a
typical promotion of elongation growth in response to supplementary FR during
the daily photoperiod (Fig. 3.18). The response is apparently slightly less in the tr#’
mutant compared to the WT, but this conld be due to attainment of the maximal
growth possible under these conditions. The 1’ mutant, which is hardly
indistinguishable from the WT in the control (- FR), showed a weaker response
to supplementary daytime FR.

Table 3.2 shows the total chlorophyll 2 and b in the EODFR experiment, and
anthocyanin content in both the EODFR and supplementary daytime FR experi-
ments. There is a little effect of EODFR treatment on chlorophyll levels, whereas
EQDFR and supplementary daytime FR leads to drastic reduction or total loss, of
detectable anthocyanin in young comparable developed leaves, respectively (see
also 6.3.2.2).
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Table 3.2. Comparison of the FR-effect at the end of the experiments on: total chlorophyll  and &
(mg/g FW), extracted from the fourth leaf in the EODFR experiment; anthocyanin (As,,/g FW),
extracted from young, comparably developed leaves (5-15 mm leaf length) in the EODFR and
supplementary daytime FR experiment. In the EODFR treatment 19-day-old plants received a 20-min
FR pulse (4.6 pmol.m™.s™) immediate after the daily WL for 15 days. In the daytime FR treatment
18-day-old plants received FR (600 umol.m~=.s™) during the daily WL period for 6 days. The FR
treatments are indicated by + EODFR or + FR, and the controls receiving no EODFR or daytime FR
are indicated by — EODFR or - FR.

EODFR Daytime FR
Genotype  Chlorophyll (mg/g FW) Anthocyanin (A;;s/g FW) Anthocyanin (Ag/g FW)
-EODFR  + EODFR -EOCDFR  + EODFR -FR +FR

WT (GT) 272x002 2.65=x0.05 1.39+0.07 0.69=x0.09 4.64 £0.34 0

erit 282+0.05 2.67+0.07 060+£0.06 0.10x0.01 243 £0.51 0

i nd” nd* nd’ nd’ 3.30x0.16 0
aw”,tri! 090+0.02 0.80x0.06 0 0 nd” nd"
au® 057 +£0.03 0.61+0.03 0 0 nd” nd’
WT(MM) 272006 272x005 195+£0.13 054+0.06 5.65 £ 0.36 0

* not determined

3.4 Discussion

3.4.1 Comparison to other species

3.4.1.1 Phenotype

The rri mutants of tomato resemble the phyB mutants in Arabidopsis, sorghum,
Brassica, pea and cucumber, in having an elongated phenotype in continnous R
compared to the WT. All have the appearance of shade-avoidance species grown
under vegetation shade (Robson et al., 1993). In contrast to these mutants, in
which the inhibition of elongation growth and cotyledon expansion in R is
essentially lost, the #i mutants arc insensitive to R only during the first 2 days
upon transition from D to R (Figs. 3.1, 3.2, 3.15 and 3.16). This results in a
phenotype in continuous R with longer hypocotyls and smaller cotyledons, but less
extreme, for instance, than that of the almost completely R- and FR-blind tomato
au” mutant (Figs 3.1). Another feature of the hy3 (= phyB) mutant in Arabidopsis
is that root hairs of WL-grown plants are much longer, while roots are shorter
(Reed et al., 1993). In contrast, the 7ri mutants do not differ in these characteristics
from WT (data not shown).
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3.4.1.2 Responses to end-of-day FR and supplementary daytime FR

The EODFR response (Fig. 3.17) and the effect of supplementary daytime FR
(Fig. 3.18), are commonly accepted to be predominantly regulated by phyB
(Adamse et al., 1987; Devlin er al., 1992; Lépez-Juez et al., 1992; Reed ef al.,
1993). However, these shade-avoidance responses are present in the tri mutants,
In addition, preliminary experiments indicate that another phyB-mediated
response, simulated phototropism (Adamse et al., 1988), as a result of covering
one of the cotyledons with aluminjum foil (Shuttleworth and Black, 1977), is also
present in the tri mutant (results not shown). The fact that the f#i mutants still
respond to EODFR and supplementary daytime FR treatment distinguishes this
mutant from previously described phyB-deficient mutants in other species
{Whitelam and Smith, 1991).

3.4.2 The TRI locus is probably the PHYBI structural gene

We have shown that four mutants at the TR/ locus of tomato differ in the same
way with respect to WT in their photobiology. The loss of these photoresponses
correlates with a reduction in spectrophotometrically detectable light-stable
phytochrome. A mutation leading to reduction in phytochrome might be due to:
(1) a lack of apoprotein biosynthesis as a consequence of a mutation in a structural
PHY; (ii)) a mutation in a regulatory gene; (iii) a mutation in phytochrome
chromophore biosynthesis; (iv) a mutation affecting stability of either a PHY
mRNA or PHY apoprotein.

Mutations affecting chromophore biosynthesis are likely to affect all phyto-
chrome types, which is not the case in the ##i mutants which contain the normal
level of light-labile phvA. Furthermore, the au and yg-2 mutants, which are yellow
in appearance, are chromophore mutants in tomato, possessing no spectro-
photometrically detectable phytochrome in ectiolated seedlings (Sharma ef al.,
1993; Terry and Kendrick, 1996; Van Tuinen ef al., 1996a).

Mutations in genes affecting the regulation of synthesis or stability of
phytochrome might be phytochrome-type specific, but would then be expected to
affect only the protein level in a quantitative way. The observation that #ri alleles
differ from WT either quantitatively (zri’ and #i*) in a protein recognized by a
PHYB-like antibody or produce a truncated PHYB-like protein (¢r* and #ri*} can
be best explained by proposing that they possess mutations in a structural PHYB
gene, The difference in spectrally active phytochrome after 4-6 h of R between
WT and the tri' mutant presumably reflects the absence of this PHYB-like
apoprotein (Fig. 3.8 and Table 3.1). That the PHYB gene involved is PHYBI is
concluded from the observations with a specific PHYBI probe that an aberrant
mRNA is observed in the #ri® mutant and a reduced level of this mRNA is seen in
the ti* mutant. The larger PHYBJ mRNA in the ## mutant presumably originates
from incorrect splicing of the mRNA. Since the tri alleles differ at both protein
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and mRNA levels, it scems unlikely that the TR locus regulates phytochrome at
the level of transcription or translation. The observation that the i’ mutant has no
immunodetectable protein, yet the PHYBI mRNA level appears normal, indicates
that this mRNA might contain a premature stop codon. Other possibilities could
account for the lower level of protein of normal size in the #i’ mutant, such as
substitution of an amino acid that affects stability. The truncated protein in the #r
mutant might still be partially photoactive since it possesses significantly more
spectrally active phytochrome after 4 h R than the other tri alleles.

The monoclonal antibody raised against tobacco PHYB (mAT]1) detects a PHY
in WT tomato, but fails to detect a polypeptide by Western-blot analysis in the zri’
mutant, which is in agreement with the conclusion of Pratt et al. (1995) that the
tobacco PHYB used to raise the mAT! antibody is orthologous to tomato PHYB1.
It is therefore possible that the mAT1 antibody used in this study is highly specific
for tomato PHYBI1, thus accounting for no other band being present in the
Western blot of the #ri’ mutant. However it cannot be excluded that phyB2 is a
very low abundance protein.

The #ri mutants and the PHYBI gene were recently mapped by classical and
RFLP analysis at a similar position on chromosome 1 (Van Tuinen et al., 1996b),
reinforcing our prediction that the two loci are identical. Because the wild-type
tomato PHYBI sequence has recently been determined and sequencing of putative
mutant alleles is underway, it will soon be established unambiguously whether TRI
= PHYBI (Kubota et al., 1996).

3.4.3 The role of phytochrome B1 in tomato

Molecular phylogenetic analyses indicate that the tomato PHYB subfamily
(PHYBI and PHYB?2) is related to Arabidopsis PHYB and PHYD, the latter being
a B-type phytochrome (Pratt ef al., 1995). However these analyses fail to establish
any orthologous relationship between either of the tomato PHYBs and either
Arabidopsis PHYB or PHYD. This observation raises the possibility that there is
no general 'phyB function' in all species throughout the plant kingdom (Pratt et al.,
1995). Consequently, Arabidopsis PHYB mutants cannot be considered strictly
equivalent to the putative PHYB! mutants at the TR/ locus in tomato. The
observation that the Arabidopsis hy3 mutants have lost their responsiveness to
EODFR {Nagatani et al., 1991), while tomato #ri mutants retain a normal EODFR-
response (Fig. 3.17) and daytime FR (Fig. 3.18) is consistent with this conclusion
(Pratt et al., 1995). Whether these discrepancies reflect actual differences between
tomato phyB1 and Arabidopsis phyB functions, or whether they reflect ability of
other phytochromes in these two organisms to replace them, remains to be
determined. Kendrick et al. (1994) hypothesized that phyB1 and phyB2 are both
able to regulate the EODFR response in tomato and that this redundancy also
explains the temporarily insensitivity to R. This conld also explain why no

73



Chapter 3

constitutively tall mutants have been selected in tomato. The 7ri mutants are the
first examples of mutants that indicate that a process thought to be regulated by
phyB exclusively seems, at least in tomato, to involve more than one light-stable
type of phytochrome.

It is interesting to note that Lopez-Tuez ef al. (1992) used the same mATI1
antibody used in this study to characterize the tall /7 mutant of cucumber and
demonstrated that it lacks a light-stable PHYB-like phytochrome. It may be that
cucumber has no PHYB ortholog to take over the function of a missing phyB,
again supporting the difference between tomato and other species. The same could
be the case in Arabidopsis hy3 (= phyB) mutants, where the closely related phyD
fails to compensate for a lack of phyB (Clack ez al., 1994).
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CHAPTER 4

Phytochrome control of
biosynthesis in tomato
analysis using photom

Abstract. Anthocyanin biosynthesis has
of tomato {Lycopersicon esculentum Mill.
mutants. In white light (WL)/dark (D) cyc ;
A (phyA), shows an enhancement of anthocyanin’ -mutant,
deficient in phytochrome B1 (phyB1) has a WT-leve er pulses of
red light (R} or R followed by far-red light (FR) given every 4 h, phyA is responsible for
the non-R/FR reversible response, whereas phyB1 is partially responsible for the R/FR
reversible response. From R and blue light (B) pretreatment studies, B is most effective
in increasing phytochrome responsiveness, whereas under R itself it appears to be
dependent on the presence of phyB 1. Anthocyanin biosynthesis during a 24-h period of
monochromatic irradiation at different fluence rates of 4-day-old D-grown seedlings has
been studied. At 660 nm the fluence rate-response relationships for induction of
anthocyanin in the WTs are similar, yet complex, showing a low fluence rate response
(LFRR}) and a fluence rate dependent high irradiance response (HIR). The high-
pigment-1* (/p-I*) mutant exhibits a strong amplification of both the LFRR and HIR.
The fri' mutant, lacks the LFRR whilst retaining a normal HIR. In contrast, a fransgenic
tomato line overexpressing the oat PHYA3 gene shows a dramatic amplification of the
LFRR. The tri’ mutant, retains the LFRR, but lacks the HIR, whereas the fri’, tri’ double
mutant lacks both components. Only a LFRR is seen at 729 nm in WT, however an
appreciable HIR is observed at 704 nm, which is retained in the ¢’ mutant and is absent
in the fri’ mutant, indicating the labile phyA pool regulates this response component.

4.1 Introduction

Anthocyanin synthesis is one aspect of the de-etiolation process that occurs in
tomato seedlings on emergence into the light environment. This critical step in the
development is achieved by the co-action (Mohr, 1994) of at least two classes of
photoreceptors: one absorbing in the UV-A/blue light (B) regions, sometimes
referred to as cryptochrome (Ahmad and Cashmore, 1996); and the phytochromes,
absorbing in the red (R} and far-red (FR) spectral region. There are at least five
phytochrome genes expressed in tomato called PHYA, PHYBI1, PHYB2, PHYE and
PHYF (Hauser et al., 1995) and response to R and FR must be achieved by one or

This chapter is in press:
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more of them. Studies using mutants and transgenic plants overexpressing phyto-
chrome genes have demonstrated that there are both overlapping and discrete roles
that have been attributed to different members of the phytochrome gene family
(Whitelam and Harberd, 1994; Quail et al., 1995).

Different response modes of phytochrome can be distinguished, which can be
classified according to the light quantity and duration required to induce the
response. Low fluence responses (LFRs) are by definition R/FR reversible and
fluence rate dependent until the photoequilibrium between the R absorbing (Pr)
and FR absorbing (Pfr) forms of phytochrome is established. High irradiance
responses {HIRs) are typically achieved by continuous irradiation and remain
fluence-rate dependent even after the photoequilibrium is reached. Phytochrome
cycling rate is therefore somehow moenitored in a HIR (Mancinelli, 1994).

During de-etiolation it appears that both phytochrome A (phyA) and phyto-
chrome B (phyB) can inhibit hypocotyl growth in Arabidopsis, but in continuous
irradiation experiments, they convey responsiveness to the FR and R regions of
the spectrum, respectively (Whitelam and Harberd, 1994; Reed et al., 1994).
Effectiveness of the FR region of the spectrum is predicted in the case of a labile
phytochrome, since FR maintains a low steady-state level of phytochrome in its
active Pfr form and conserves the phyA pool which is labile in its Pfr form
(Hartmann, 1966; Beggs et al., 1980; Holmes and Schifer, 1981; Wall and
Johnson, 1983; Smith and Whitelam, 1990). This response is therefore
characteristic of dark (D)-grown seedlings. It has been proposed that the FR-HIR
plays an important role in seedling establishment in the natural environment
(Smith, 1994; 1995; Quail et al., 1995). Plants overcxpressing phyA retain a near
FR-HIR in light-grown plants (McCormac et al., 1991; 1992). The phyA pool has
also been implicated as the active phytochrome type involved in the very low
fluence response (VLFR) inducing germination (Hamazato et al., 1995; Botto et
al., 1996) and regulation of chlorophyll a/b-binding protein (CAB) gene expres-
ston (Hamazato et al., 1995) in Arabidopsis.

Juvenile anthocyanin btosynthesis in tomato has been extensively studied and
involves the co-action of B photoreceptors and phytochromes. From studies with
sorghum, mustard and tomato (Mohr, 1994; Drumm-Herrel, 1987), it was
concluded that Pfr is the effector in anthocyanin biosynthesis through activation
of gene expression, while the B/UV-A effect was considered as establishing
responsiveness to Pfr. In tomato, a B pretreatment enhanced the R/FR reversible
(phytochrome regulated) anthocyanin biosynthesis that occurred during a sub-
sequent 24-h D period (Drumm-Herrel and Mohr, 1982; Peters ef af., 1992a).

Mutants deficient in phytochromes have been selected in tomato. The ax mutant
is a chromophore biosynthesis mutant (Terry and Kendrick, 1996) and therefore
would be predicted to be deficient in more than one type of phytochrome,
However its phenotype and phytochrome measurements in adult plants suggest
that later in development some phytochrome is present and active (Sharma et al.,
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1993; Van Tuinen ¢t al., 1996a) indicating the leaky nature of the mutation. The
FR-insensitive (fri’) mutant has been shown to be deficient in phyA (Chapter 2)
and the temporarily R-insensitive (zri') mutant to be deficient in phyB1
(Chapter 3). Mutants showing phytochrome exaggerated phenotypes have also
been identified (Kendrick et al., 1994). The recessive hp-I mutant exhibits
exaggerated phytochrome responses and it has been proposed that these are due
to the loss of a repressor of phytochrome action which is encoded by the HP-1
gene (Peters et al., 1992a).

In this chapter an analysis of anthocyanin accumulation during de-etiolation will
be presented, utilizing photomorphogenic mutants and an assignment of the
different response components involved will be made to individual members of
the phytochrome gene family in tomato.

4.2 Materials and methods

4.2.1 Plant material

4.2.1.1 Genotypes

A summary of the 12 genotypes of tomato (Lycopersicon esculentum Mill),
comprising four monogenic mutants, four double mutants, one transgenic line and
their corresponding wild types (WTs) used in this study, is given in Table 4.1. The
construction of the double mutants is described in the previously (3.2.1). In

Table 4.1. Summary of genotypes used in this chapter.

Genotype  Genetic background Mutant classification Reference
Wild type  MoneyMaker (MM) - Koornneef er al. {1985)
Wildtype Breeding line GT (GT) - Peters et al. (1989)
Wildtype VF36 - Boylan and Quail (1989)
frif MM PhyA deficient (phyA~) Chapter 2
tri’ GT PhyB1 deficient (phyB1°) Chapter 3
au® MM Phytochrome chromophore Koornneef et al. (1985)
deficient {chr}
hp-1v GT Exaggerated phytochrome Peters et al. (1989)
: responses (resp”)
| frit it MM & GT phyA™ & phyB1- Chapter 3
au, tri’ MM & GT chr- & phyB1- Chapter 3
" hp-1°fri'  GT & MM resp* & phyA~ This chapter
: hp-1“1mwi' GT resp* & phyB1l™ Chapter 3
PHYA3 VF36 Transgenic line overexpressing ~ Boyian and Quail (1989)
oat PHYA3
77



Chapter 4

addition a newly derived Ap-1" fri’ double mutant was obtained, following the
same strategy as for the hp-17tri’ double mutant (sce 3.2.1.2). Analysis of
phytochrome revealed the expected deficiency in phyA-polypeptide (PHYA) and
WT-level in phyB-like polypeptide (PHYB) in the hp-1* fri’ (data not shown). The
PHYB antibody used is known to recognize the PHYB1 pool in tomato.

4.2.1.2 Pretreatment of the seeds
In all experiments, cxcept the light-pulse experiment using the WT (GT) and the
tri' mutant, seeds were surface sterilized as described in 2.2.1.2. In the light-pulse
experiment using the WT (MM) and the fri’ mutant, and the WL experiment seeds
used were also pregerminated (showing radicle emergence), before final sowing
under dim-green safelight, to obtain a more synchronized population of seedlings
as described in 2.2.1.2. In the light-pretreatment and threshold-box experiments
surface-sterilized seeds were directly sown in plastic boxes with transparent boxes
on filter paper moistened with germination buffer (see 2.2.1.2). In the light-pulse
experiment using the WT (GT) and the ##' mutant, seeds were directly sown in
trays without the pretreatment.

To compensate for the retardation of germination of the au” and au”tri’
mutants, seeds were pretreated 12 h longer, as described in 3.2.1.3.

4.2.2 Anthocyanin assay

Methodology for anthocyanin determination is described in 2.2.3. The anthocyanin
content is expressed as A, per 5 hypocotyls or per 10 whole seedlings.

4.2.3 Experiments

4.2.3.1 White-light experiment

Surface-sterilized and pregerminated WTs (MM, GT), fri', tri', au” and au®,tri’
secds were sown in trays and transferred to a phytotron in 16-h white light (WL)
(150 pmol.m™2s™' photosynthetically active radiation [PAR])/8-h D cycles at
25°C. Every sccdling was marked on emergence, cnabling assay of the
anthocyanin content after the appropriatc number of WL/D cycles. The
anthocyanin content in 6 replicates of 5 hypocotyls was measured on a daily basis
for 7 days.

4.2.3.2 Light-pulse experiments

Surface-sterilized and pregerminated WT (MM) and fri’ seeds, and non-pretreated
WT (GT) and i’ seeds (see 2.2.4.3 and 3.2.5.3, respectively), sown in trays, were
incubated in D for 48 or 108 h, respectively, at 25 °C. Pulses of R or R
immediately followed by FR, both saturating for phytochrome photoconversion,
were given every 4 h, beginning at the time of emergence of the first seedlings.
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During the pulse irradiation, every seedling was marked on emergence, enabling
the anthocyanin assay after the appropriate number of pulses (6, 12, 18 or 24). The
anthocyanin content in 4 replicates of 5 hypocotyls was measured.

4.2.3.3 Light-pretreatment experiment

Surface-sterilized WT (GT) and #ri’ seeds were sown in plastic boxes with
transparent lids and incubated in D for 84 h at 25 °C. A subsequent 12-h B or R
pretreatment (both 3 pmol.m™s™') was terminated by a pulse of R (3 min,
10 pmol.m2s7"), FR (6 min, 13 pmol.m %5 or R followed by FR (both satura-
ting for phytochrome photoconversion). The boxes were then transferred to D for
24 h before anthocyanin determination in 4 replicates of 10 whole seedlings.

4.2.3.4 Threshold-box experiments

Surface-sterilized seeds, of all genotypes listed in Table 4.1, were sown in plastic
boxes with transparent lids and incubated in D for 90 h at 25 °C before exposure
to 24-h continuous monochromatic light of different fluence rates in a threshold-
box unit (see below). Anthocyanin was determined at the end of the 24-h light
treatment in 4-8 replicates of 10 whole seedlings.

4.2.4 Light facilities and light measurements

4.2.4.1 Light cabinets and sources

The WL experiment was performed in a phytotron (Wageningen); the WL-source
is described in 3.2.6.2. The light-pulse experiment using WT (GT) and tri’ (see
3.2.53.3) and the light-pretreatment experiment were performed in cabinets for low
irradiance described by De Lint (1960}; the B-, R- and FR-sources are described
in 3.2.6.2. The light-pulse experiment using WT (MM) and fri’ (see 2.2.4.3) were
performed in light cabinets, described in 2.2.5.1; the R- and FR-sources are
described in 2.2.5.2.

4.2.4.2 Threshold-box units

The threshold-box unit consists of a series of neutral beam-splitters (100x145x1
mm, reflection/transmission 50/50 %; Balzers, Liechtenstein), which enabled 6
fluence rates to be studied simultaneously over a fluence-rate range of 4 log units
(ca. 0.01-200 pmolm>s™") and a Dcontrol (Fig. 4.1). The plastic boxes
containing the seedlings were placed on height-adjustable platforms, which rotated
during irradiation to optimize light-distribution.

Light was obtained from a xenon short-arc lamp (XBO-4000 W/HS OFR;
Osram, Berlin, Germany) in combination with the following interference filters
with peak transmissions: 448 nm (Balzers, Liechtenstein; bandwidth at 50 % of
the transmission maximum (T} 12.8 nm); 652 nm (Baird-Atomic, Bedford,
USA; bandwidth at 50 % T,_,, 13.2 nm); 660 nm (Schott, Mainz, Germany;
bandwidth at 50 % T, 10.6 nm); 681 nm (Baird-Atomic, bandwidth at 50 % T,,,,
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Figure 4.1. Schematic diagram of a threshold-box unit with parts of the outer casing removed to
show the neutral beam splitters in the top compartment and a plastic box containing the seedlings on
a rotating height-adjustable platform in one of the seven experimental chambers below. The arrow
indicates the direction of the incoming monochromatic light generated by the xenon short-arc lamp
in combination with an interference filter.

4.2 nm), 704 nm (Baird-Atomic, bandwidth at 50 % T,,,, 11.9 nm} and 729 nm
(Baird-Atomic, bandwidth at 50 % T,,,, 10.0 nm).

4.2.4.3 Light measurements

All light measurements were recorded with a LI-1800 spectroradiometer (Li-Cor,
Lincoln, NE, USA) as described in 2.2.5.3. The fluence rates in the threshold-box
experiments were measured with a radiometer (Optometer Model $370; United
Detector Technology, Hawthorne, CA, USA), supplied with a calibrated silicon
1-cm? detector head (Model 221; United Detector Technology).
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4.3 Results and discussion

- 4,3,1 White light/dark cycles

The kinetics of anthocyanin accumulation in WL/D cycles was studied for the
various phytochrome-deficient mutants. The accumulation of anthocyanin in
hypocotyls from both WTs (GT and MM) increases during the first 4 days after
emergence in WL/D cycles (Fig. 4.2). Only a quantitative difference is seen
between both WTs. The phyB1-deficient ¢ri' mutant does not differ significantly
from its corresponding WT (GT), however hypocotyls are slightly elongated
compared to the WT at the end of the experiment (see Fig. 3.6). Surprisingly, the
phyA-deficient fri’ mutant accumulates more anthocyanin than its corresponding
WT (MM), despite hypocotyls of both genotypes being almost identical (see Fig.
2.6). The au” mutant shows no detectable anthocyanin accumulation during the
first 3 days in agreement with earlier observations (Peters et al., 1992a}, but over
the next 4 days it accumulates to a level very similar to that of its near-isogenic
WT (MM), despite its very elongated hypocotyl (see Fig 3.6). The double mutant
au”,tri’ demonstrates a greater delay in anthocyanin accumulation than observed
in au”, and after 7 days it contains about 20 % of the level in the to au” mutant.
Under these conditions, the ax” mutation, which has a deficiency in phytochrome
chromophore biosynthesis (Terry and Kendrick, 1996}, has the most pronounced
phenotype and therefore is proposed to be deficient in more than one type of
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Figure 4.2, Anthocyanin accumulation {As/3 hypocotyls  SE) in: WT (MM), and derived fri'and

aun”, WT (GT) and derived tri'; au™ sri’ double-mutant (mixed genetic background} tomato seedlings.
Seedlings were grown in a 16-h WL (150 pmol.m™.s™ PARY8-h D cycle for 7 days.
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phytochrome. A delay of ca. 3 days in the time-course of anthocyanin formation
occurs in the case of the au” mutant compared to WT, which could reflect the
gradual appearance of some phytochrome chromophore due to leakiness of the au”
mutation (Van Tuinen et al., 1996a). The reduction of anthocyanin biosynthesis
in the au",¢ri’ double mutant, indicates that the late accumulation of anthocyanin
in the au” mutant is largely mediated by phyB1. However, under this WL/D-cycle
treatment the absence of phyB1 in the ¢ri’ mutant has little effect on anthocyanin
accumulation, presumably indicating that other phytochromes are sufficient to
saturate the response. This suggests that other phytochromes compensate for the
loss of phyB1 completely. Paradoxically, absence of phyA in the fri’ mutant
enhances the anthocyanin response suggesting an antagonistic effect of phyA on
the action of other phytochromes in the WTs. The fri’,tri’ double mutant has a
hypocotyl length and anthocyanin content very similar to the monogenic tri’
mutant under these conditions {(data not shown). This indicates that phyA plays a
little role in de-etiolation under this white fluorescent light regime in the tri’
mutant.

0.100 T T T

0.050
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Figure 4.3. Anthocyanin accumulation (Ag,,/5 hypacotyls = SE) in WT (MM) and derived fri’
mutant tomato seedlings. Seedlings were treated with pulses of R or R followed immediately by FR
and a dark control (D). The R and FR pulses (both saturating for phytochrome photoconversion) were
repeated every 4 h for 4 days from the time of emergence.
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4.3.2 Light-pulse experiments

To investigate the role of the LFR in anthocyanin accumulation etiolated seedlings
were treated with pulses of R or R followed immediately by FR. The maximum
anthocyanin accumulation in hypocotyls (Figs. 4.3 and 4.4) was achieved during
the first day of a R-pulse treatment, given every 4 h, presumably by an accumu-
lative LFR. With time there was a gradual loss of anthocyanin in both WTs {(GT
and MM) and about two-thirds of the response is FR reversible if each R pulse is
immediately followed by a FR pulse. In the case of the fri’ mutant the response to
R pulses is reduced compared to its WT control, but this reduced residual response
is completely FR reversible (Fig. 4.3), indicating that phyA is involved in the non-
R/FR reversible accumulation of anthocyanin. In the case of the fri’ mutant a
reduced response to R pulses is observed compared to the WT control and a
smaller proportion of the response is FR reversible than in the WT (Fig. 4.4),
suggesting a role of phyB1 in the R/FR reversible response. Since no HIR is
likely, these light-pulse experiments have to be interpretated on the basis of VLFR
and LFR phytochrome responses. We conclude phyA is responsible for the non-
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! WT (GT)
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0.000
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Pulse treatment (days)

Figure 4.4. Anthocyanin accumulation (A,s/5 hypocotyls & SE) in WT (GT) and derived ri' mutant
tomato seedlings. Seedlings were treated with pulses of R or R followed immediately by FR and a
dark control (D). The R and FR pulses (both saturating for phytochrome photoconversion) were
repeated every 4 h for 4 days from the time of emergence.
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R/FR reversible response, which could reflect either a residual LFR or VLFR,
whereas phyBl1 is partially responsible for regulation of the R/FR reversible LFR.
Other stable phytochromes and phyA might play a role in the latter response.

The hypocotyl growth of the #r7' mutant has been shown to be totally insensitive
to R pulses during the first 2 days (Chapter 3). However, with respect to
anthocyanin formation no insensitivity is seen, demonstrating the independent
nature of these two components of the de-etiolation response.

4.3.3 Light-pretreatment experiment

Anthocyanin accumulation was studied during a 24-h D period after B and R
pretreatments (Drumm-Herrel and Mohr, 1982; Adamse ef al., 1989) terminated
by an inductive pulse of R or a R pulse followed immediately by a FR pulse.
Prolonged exposures to high fluence rates are required to obtain accumulation of
large quantities of anthocyanin i.e. HIR conditions. The anthocyanin which
accumulates after a 12-h light pretreatment terminated with a R pulse and 24-h D
period is a result of phytochrome and cryptochrome increasing phytochrome
responsiveness during the pretreatment. The magnitude of the R/FR reversible
response by light pulses at the end of the pretreatment period can be taken as a
measure of the increased phytochrome responsiveness (Drumm-Herrel and Mohr,
1982; Adamse et al., 1989). For the seedlings of WT (GT) pretreated with R,
about 60 % of the anthocyanin response is FR reversible (Fig. 4.5). However, in
the case of the i’ mutant only a low level of anthocyanin accumulates and there
is little evidence for FR reversion. In contrast, after a B pretreatment terminated
with a R pulse, the i’ mutant accumulates only about 20 % less anthocyanin than
the WT control and a similar proportion of the response to that in the WT (about
30 %) is FR reversible (Fig. 4.5).

From these experiments we conclude that B is important in the increased
phytochrome responsiveness, i.e. the same amount of Pfr leads to a higher
response (Mohr, 1994), particularly in the absence of phyB1 in the tri’ mutant.
This increased phytochrome responsiveness enables the residual phytochromes to
result in accumulation of considerable anthocyanin. This indicates that phyA or
other phytochromes are involved in the R/FR reversible LFR after B increased
phytochrome responsiveness. The effectiveness of a R pretreatment in increasing
phytochrome responsiveness appears to be dependent to a large extent upon the
presence of phyB1.

4.3.4 Fluence rate-response relationships at different wavelengths

To study the quantitative effects of the photomorphogenic mutations, fluence rate-
response relationships for anthocyanin synthesis during a 24-h continuous mono-
chromatic light treatment were determined (Figs. 4.6-4.12). The fluence rate-
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Figure 4.5, The anthocyanin content (A;;;/10 seedlings = SE) in WT (GT) and derived ¢ri' mutant
tomato seedlings. Seedlings were pretreated with either 12 h B (3 umol.m™s "y or R (3 pmol.m™=.s7),
terminated with a pulse of R or a R pulse followed by a FR (both saturating for phytochrome
photoconversion). All seedlings were then kept in D for 24 h prior to the anthocyanin extraction.

response relationships for anthocyanin synthesis in monochromatic light, are
complex and consist of at least two components. In agreement with Peters et al.
(1992a), we interpret the first part of the fluence rate-response relationships for
652, 660, 681, 704 and 729 nm light as a low fluence rate response (LFRR),
reflecting the gradual production of Pfr, and the subsequent rise in response at
higher fluence rates as a HIR. In the fluence rate-response relationships in 652,
660 and 704 nm light, the LFRR and HIR overlap at intermediate fluence rates.
At 729 nm only a LFRR component is observed, presumably due to the low
phytochrome cycling rate at this wavelength. The optimum curve can be explained
by the LFRR component being mediated by a labile phytochrome, which
undergoes destruction in its Pfr form. If this is the case the LFRR should shift to
lower fluence rates at wavelengths which maintain higher phytochrome
photoequilibria. The data at 704, 660 and 652 nm in Figs. 4.6 and 4.7 support this
conclusion. However, the interpretation of these experiments is complicated by
changes in phytochrome responsiveness. The B irradiation (448 nm) causes a
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Figure 4.6. Anthocyanin accumulation {As,5/10 seedlings + SE) in WT (GT) and derived #i’ mutant
tomaio seedlings, Dark-grown 4-day-old seedlings were given a 24-h irradiation with 448, 652, 704
and 729 nm of different fluence rates. D = dark control.

Fiﬁure 4.7. Anthocyanin accumulation (A,,/10 seedlings & SE) in: WT (MM) and derived fri’;
fri eri’ double-mutant (mixed genetic background) tomato seedlings. Dark-grown 4-day-old seedlings
were given a 24-h irradiation with 448, 660, 704 and 729 nm of different fluence rates. D = dark
control.
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strong response, due to perception and co-action of both cryptochrome and
phytochrome, leading to the highest response observed. It must be remembered
that phytochrome participates in increasing phytochrome responsiveness and in
addition plays a role in the response observed, even under B.

The responses of the i’ mutant, deficient in phyB1, are shown in Figure 4.6.
A large difference compared to WT is at 652 nm, where the #ri’ mutant clearly
lacks the R-HIR component. At 448, 704 and 729 nm only a slightly reduced
response occurs. These results demonstrate a clear residual near-FR (704 nm) and
FR response in the phyB1 mutant and indicates that phyB1 regulates the R-HIR
in anthocyanin biosynthesis. The B and the near-FR HIRs must be mediated by
other photoreceptors. The near-FR HIR is mediated by phyA (see below).
However interpretation of the B-HIR is difficult since the B photoreceptor and
residual phytochromes are both excited by B.

The responses of the fri’ mutant deficient in phyA, and the fri’,tri’ double
mutant deficient in both phyA and phyB1 are shown in Figure 4.7. The differences
in the response between WT and fri’ and fri’, tri’ at 448, 660, 704 and 729 nm must
reflect the deficiency in phyA or both phyA and phyB1, respectively. The fri’
mutant in R (660 nm) clearly lacks the LFRR response, but retains the HIR
component, whereas the fri’,tri’ double mutant lacks both LFRR and HIR
components. At 704 and 729 nm both the fri’ mutant and the fri’,tri’ double
mutant lack any detectable response, indicating that phyA mediates the response
at these wavelengths. In B (448 nm) the fri’ mutant lacks the LFR component,
whereas the fri',tri’ double mutant has a reduced HIR response at higher fluence
rates, however, a clear residual response is seen. This indicates that phyA
regulates the LFRR and the near FR-HIR in anthocyanin biosynthesis. Figure 4.8
shows the fluence rate response curves for the fri’, tri’ and fri',tri' mutants and
WT (MM) at 681 nm. It clearly demonstrates the unambiguous role for both phyA
and phyB1 in the LFRR and HIR, respectively, which are both exhibited in the
WT. As expected, absence of phyA and phyB1, as occurs in the phyA- and phyB1-
deficient fri',tri’ double mutant, results in essentially no anthocyanin synthesis at
this wavelength.

In R (660 nm) the Ap-1* mutant exhibits a strong amplification of both the
LFRR and HIR components of anthocyanin biosynthesis (Figs. 4.9 and 4.11), as
shown for the Ap-7 (in an AC-background) by Peters ef al. (1992a). In the hp-1,1ri’
double mutant the LFRR is amplified and the R-HIR component is largely lost
(Fig. 4.9) compared to the monogenic Ap-I* mutant. Figure 4.10 shows the
phenotype of 5-day-old seedlings of WT (GT), #ri’, hp-1* and hp-1* tri’ after 24-h
660 nm monochromatic irradiation at the highest fluence rate (250 pmol.m2.s™).
The tri’ mutation results in a delayed photomorphogenesis (i.e. an elongated
hypocotyl, which contains almost no anthocyanin and has a closed apical hook at
this fluence rate) compared to WT. The kp-I" mutation results in an exaggerated
photomorphogenesis (i.e. a shorter hypocotyl with high levels of anthocyanin and
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Figure 4,8, Anthocyanin accumulation (A,,./10 seedlings £ SE) in: WT (MM) and derived fri’; rri’;
fri’,tri’ double-mutant (mixed genetic background) tomato seedlings. Dark-grawn 4-day-old seedlings
were given a 24-h irradiation with 681 nm of different fluence rates. D = dark control.

a fully open apical hook). Both aspects are combined in the hp-1¥,tri’ double
mutant, where the hypocotyl length, anthocyanin content and apical hook opening
are intermediate between the two monogenic mutants. In the kp-1”fri' double
mutant the LFRR is absent and the R-HIR response is strongly amplificd (Fig.
4.11) compared to the WT. These results are consistent with a model in which
both the LFRR and HIR are amplified by the zp-7* mutation at some downstream
step of the transduction chain common to phyA and phyB1 leading to anthocyanin
production.

A transgenic tomato line overexpressing the oat PHYA3 gene (Boylan and
Quail, 1989) has an enhanced anthocyanin response with the most dramatic
amplification occurring in the LFRR range, whilst retaining a quantitatively
similar HIR response to that of its corresponding WT (Fig. 4.12). This transgenic
tomato line presumably maintains a higher than normal phyA pool, enhanced by
the slower degradation of oat phyA3 than the endogenous tomato phyA (Boylan
and Quail, 1989; 1991; McCormac ef al., 1992; Van Tuinen et al., 1996a). This
again points to the importance of phyA in the LFRR and suggests that phyA
cannot participate in the phyB1 R-HIR leading to anthocyanin accumulation.
There is a remarkable qualitatively and quantitatively similarity in response
between the transgenic tomato line overexpressing the oat PHYA3 gene (Fig. 4.12)
and the hp-1%tri’ double mutant (Fig. 4.9).

The severely phytochrome deficient, phytochrome chromophore mutant au
(Terry and Kendrick, 1996) has been shown previously (Peters et al., 1992a) to
lack any detectable anthocyanin biosynthesis after 24-h R irradiation. The lack of
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Figure 4.9. Anthocyamn accumulation (A,,/10 seedlings + SE) in WT (GT) and derived #ri’, hp-1¥,

and Ap-I* i’ double-mutant tomato seedlings. Dark-grown 4-day-old seedlings were given a 24- h
irradiation with 660 nm of different fluence rates. Ib = dark control.
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Figure 4.10. Phenotypes of 5-day-old WT (GT) and derived tri’, Ap-I" and hp-1",¢ri’ double-mutant
tomato seedlmgs after a 24-h 660-nm monochromatic irradiation with a fluence rate of 250
umol.m=s™!
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Figure 4,12, Anthocyanin accumulation (A,,/10 seedlings + SE) in WT (VF36) and transgenic

tomato seedlings, overexpressing the oat PHYA? gene. Dark-grown 4-day-old seedlings were given
a 24-h irradiation with 660 nm of different fluence rates. D = dark control.
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responsiveness of au is indicative of insufficient chromophore to produce
significant levels of both phyA and phyB1. The insensitivity to B observed in au
indicates that phytochrome is essential for B responsiveness. The residual effect
at 448 nm in the fri',tri’ double mutant presumably reflects the action or co-action
of phytochromes other than phyA and phyB1 and/or action of the B-photoreceptor.
As expected, the au”, tri’ double mutant (data not shown) also shows no detectable
anthocyanin biosynthesis at 660 nm, demonstrating that the ax” mutation is
epistatic to tri',

4.3.5 The role of phytochrome types in tomato anthocyanin biosynthesis

We can attribute discrete physiological functions to different members of the
tomato phytochrome gene family in anthocyanin biosynthesis. We conclude that
phyA regulates the LFRR and the near FR-HIR, while phyB1 regulates the R-HIR
and plays a role in increasing phytochrome responsivencss. The amplified
response, using a transgenic tomato line overexpressing the oat PHYA3 gene,
points to a specific receptor for phyA in the LFRR component. The hp-7*
exaggerated-response mutant indicates that phytochrome action in etiolated
seedlings in under the constraint of HP-1 (Peters et al., 1992a). In contrast to WT,
the Ap-1" mutant does not require co-action of the B photoreceptor for attainment
of high anthocyanin levels (Adamse et al., 1989; Peters et al., 1989; 1992a). Both
exposure to B and the kp- 1™ mutation appear to result in reduction of repression
of the anthocyanin signal transduction chain. On the basis of its recessive (loss-of-
function) nature, Adamse et al. (1989) proposed that this exaggerated response of
the Ap-1 mutant is associated with the amplification step downstream of the phyA
and phyB1 signal transduction chains. This is consistent with the theory advanced
by Mohr (1994). Although B is indicated as acting via a separate repressive step,
it cannot be excluded that it acts via inhibition of the pathway leading to a single
repressor: the H/P-1 gene product. The present findings are summarized schema-
tically in Figure 4.13.

The anthocyanin responses taking place during de-etiolation show a strong
tissue specificity in the hypocotyl, restricted to the single sub-epidermal layer of
cells (Neuhaus er al., 1993). Both LFRR and HIR components, regulated by
different members of the phytochrome gene family, result in an accumulation of
anthocyanin in the same sub-eptdermal cells. Micro-injection studies by Neuhaus
et al. (1993) in the au mutant revealed two parallel pathways in the signal
transduction chain of phyA. The anthocyanin response has been shown to be
inducible by micro-injection of cGMP alone and in the presence of calcium
(Neuhaus et al., 1993; Bowler ef al., 19%94a; 1994b) could lead to the development
of fully functional plastids, indicating 'crosstalk’ between the signal transduction
pathways involved in the regulation of gene expression during de-etiolation. Using
such a system, coupled with the mutants we have available and those under
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Figure 4.13. Assignment of components of the anthocyanin accumulation response to individual
phytochromes in tomato seedlings. Arrows indicate the signal transduction chains of phyA and
phyB1. The large arrow indicates signal amplification. The flat-ended lines represent repressors of
the signal amplification step, which are proposed to be reduced in the hp-7 mutant and upon
irradiation vie both a B/UV-A photoreceptor and phytochrome.

characterization, will enable us to unravel the complexity of the phytochrome
transduction chain. Injection studies using phyB1 would be of great interest, since
we demonstrate here that phyB1 is responsible for a significant proportion of
anthocyanin biosynthesis in R. In addition, the observation that the qu” mutant
itself is capable of producing a considerable amount of anthocyanin, which to a
large extent is dependent on the presence of phyB1, is consistent with the leaky
nature of the au mutation (Sharma et al., 1993; Van Tuinen et al., 1996a). This
raises the question as to whether micro-injection studies of phyA into au simply
reflect the specific transduction chain leading from phyA to anthocyanin
production or reflect the interaction of phyA with residual phyB1.
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the PHYAZ transgenic line.
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CHAPTER 5

Physiological characterizatio
photoresponse mutants

Abstract. Four monogenic mutants in
recessive mutations; high-pigment-1 (
and one dominant mutation; Intense pigi
mutants all show exaggerated photorespo!
shorter hypocotyls and higher anthocyanin lé
chlorophyli levels in immature fruit giving the i
metrical and immunological analysis of phytochrome Aand phytochrome B revealed no
differences between the mutants and the wild types (WTs), suggesting that the mutants
are not photoreceptor mutants. Both 4p-1 and sip-2 accumulate high levels of anthocyanin
in continuous blue (B) and red (R) broad-band light. In contrast arv has a WT level of
anthocyanin in B and an exaggerated response in R. The fp mutant has the opposite
response: a WT level of anthocyanin in R and an exaggerated respense in B. In B and R
pretreatment studics, all mutants show an enhanced R/far-red light (FR)-reversible
response compared to WT, but the Ip mutant shows a preferentially enhanced response
in B. The hp-I mutant exhibits a strong amplification of both the low fluence rate
response and high irradiance response components of anthocyanin biosynthesis in red
light. The a#v mutant shows strongest amplification of the HIR component. The Ip
mutant exhibits an exaggerated anthocyanin response in B. All four mutants exhibit a
normal elongation response to supplementary FR during the daily photoperiod.

5.1 Introduction

Photomorphogenesis is the process by which light regulates aspects of plant
growth and development (Kendrick and Kronenberg, 1994). The plant utilizes
three classes of photoreceptors (phytochromes, cryptochromes and a UV-B
photoreceptor) in sensing the light environment, Photomorphogenesis in tomato
is being studied with the aid of mutants which are either modified in their
photoreceptor composition or in their signal transduction chain(s).

Mutations affecting the signal transduction chain(s) can be divided into at least
four classes typified by: (i) the hy5 mutant in Arabidopsis (Koomneef et al.,
1980), showing reduced hypocotyl inhibition by all spectral response regions,
affecting a common step in the signal transduction of multiple phytochromes, (ii)
the fhy! and fhy3 mutants in Arabidopsis (Whitelam et al., 1993), defective in far-

This chapter is in press:
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red light (FR)-mediated inhibition in hypocotyl elongation, despite normal levels
of functional phytochrome A (phyA); (iii) the det (Chory et al., 1989b), cop (Deng
et al., 1991) and fus mutants in Arabidopsis (Miséra et al., 1994), and the lip
mutant in pea (Frances ef al., 1992), having a constitutive light phenotype in
darkness {D); (iv) mutants exhibiting hyper-responsiveness to light, e.g. the high-
pigment (Ap), Intense pigmentation (Ip) and atroviolacea (arv) mutants (Kendrick
et al., 1994) in tomato, the /w mutant in pea (Weller and Reid, 1993) and recently
the hypocotyl elongation repressed {(her) mutant (Ichikawa et al., 1996) in
Arabidopsis.

In a general light-signal transduction pathway-concept the pleiotropic
COP/DET/FUS gene products could be viewed as components of a general
developmental master repressor whose activity is modulated by light. The
COP/DET/FUS complex is upstream of a positive regulator HYS, where FHY is
a specific regulator in the phyA-transduction chain (McNellis and Deng, 1995;
Quail ¢f al., 1995; Von Arnim and Deng, 1996). In contrast, HP in tomato has to
be responsible for repression of light-signal transduction, since no hp specific
phenotype is exhibited in D (Peters et al., 1992a).

A spontaneous monogenic recessive mutant (Webb Special or ‘Black Queen’)
at the HP locus in tomato was found as early as 1917 at the New Jersey farms of
the Campbell Soup Co. (Reynard, 1956) and originally described by Thompson
(1935). The monogenic recessive Ap mutants are characterized by the production
of high levels of carotenoids (pro-vitamin A) and lycopenes, increased levels of
ascorbic acid (vitamin C) in mature fruits and have a dark-green foliage and
immature fruit colour due to elevated chlorophyll levels compared to wild-type
(WT) plants (Kerr, 1960; 1965; Thompson, 1961; Thompson ef al., 1962; Von
Wettstein-Knowles, 1968a; 1968b; Sanders et al., 1975; Jarret et al., 1984; Martin,
1986). The hp mutant hypocotyl has a pinkish colour just below the soil surface
(Kerr, 1965). Under continuous red light {R) or yellow light the hypocotyls of Ap
seedlings have a higher anthocyanin content and are more inhibited in growth
compared to WT (Kerr, 1965; Mochizuki and Kamimura, 1985; Peters et al.,
1989). The reduced plant growth can be partially overcome by gibberellin (Van
Wann, 1995).

Soressi (1975) described a recessive Ap-2 mutant, which was phenotypically
similar, but not-allelic to #p. Mochizuki and Kamimura (1986) concluded that
hp-2 was allelic to hp, but recently Van Tuinen et al. (1996b) confirmed the
original observation by Soressi (1975) that they were different genes and called
the loci HP-I (previously HP) and HP-2.

Additional alleles of both Ap-I and kp-2 have been described thereafter (Peters
et al., 1989; Van Tuinen et al., 1996b). Some of these alleles e.g. hp-1" (WB3),
previously called sp*, and sip-2’ are phenotypically stronger than earlier alleles as
appears from their much darker green foliage and immature fruit colour.

The atv and Ip mutations are similar in some aspects to those mutated at the
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HP-1 and HP-2 loci, but not allelic (Kendrick et al., 1994). The atv mutant is
derived from a segregant in a natural population of Lycopersicon pimpinellifolium
from the Galdpagos (Rick, 1963), but is almost certainly a L. cheesmanii accession
(C.M Rick, pers. comm.). This mutant is characterized by strong anthocyanin
pigmentation, especially under cool conditions, in stems, leaf veins, and even
green fruits (Rick et al., 1968; Von Wettstcin-Knowles, 1968a; 1968b). The Ip
mutant originates as a segregant from the wild specics L. chmielewski backcrossed
in L. esculentum. It resembles the Ap-1 mutant phenotypically, but differs in its
dominance and has a more vigorous behaviour than ap-1 (Rick, 1974).

The hp-1 mutant was partially characterized in earlier studies by Adamse er al.
(1989) and Peters et al. (1989, 1992a), who suggested that it modifies a basic
process affecting photomorphogenesis rather than originating from a mutation
affecting a specific response on the basis of its pleiotropic phenotype. The
phytochrome content and the characteristics of the phytochrome system, so far
investigated, are similar to that in the wild type (WT) (Peters et al., 1992a). In
contrast to WT, the Ap-I mutant does not require co-action of a blue light (B)
photoreceptor and phytochrome to exhibit high levels of anthocyanin synthesis
and enables complete de-etiolation under R. On the basis of the recessive (loss-of-
function) nature of thc mutation, Peters et al. (1992a) proposed that the
phytochrome action is under constraint of the HP-I gene product (HP-1), which
represses the light-signal transduction. In this study we present a physiological
characterization and analysis of phytochrome in the hp-1, hp-2, atv and Ip
exaggerated-photoresponse mutants.

5.2 Materials and methods

5.2.1 Plant material

5.2.1.1 Genotypes

Four non-allelic exaggerated-photoresponse mutants of tomato (Lycopersicon
esculentum Mill.)) were used: (i) three recessive mutants: the high pigment-1
(hp-1), the high-pigment-2 (hAp-2) and the atrovicolacea (atv); (ii) one dominant
mutant: the Intense pigmentation (/p). These mutants and the corresponding WTs
(AC and GT) are listed in Table 5.1. Seeds of the original mutants were obtained
from (i) Dr. J.W. Maxon Smith, Glasshouse Crop Research Institute
(Littlehampton, UK) for GCR 60; (ii) from the Tomato Genetic Resource Center
(Davis, CA, USA) for LA797 and LA1500; (iii) from Dr. G.P. Soressi (Italy) for
the hp-2 mutant in a San Morzano type (cultivar Garim). The atv and /p mutants
were backcrossed once with GT. For physiclogical experiments F-F,; lines
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Table 5.1. Summary of genotypes used in this chapter.

Genotype Genetic background Collection number  Reference

Wild type Ailsa Craig (AC) - -
Wild type Breeding line GT (GT) - -

hp-1 AC GCR60 Maxon Smith and Ritchie {1983)
hp-1" GT WB3 Peters et al. (1989)

hp-2 GT / San Marzano® hp2 Soressi (1975)

atv GT / mixed® LAT97 Rick (1963)

Ip GT / mixed* LA1500 Rick (1974)

* The original hp-2 mutant is in L. esculentum, type San Marzano and backcrossed with GT.

® The original arv mutant is derived from L. pimpinellifolium, as originally described by Rick (1963),
but is almost certainly a L. cheesmanii accession (C.M. Rick, pers.comnt.} and backcrossed with GT.

* The original fp mutant is in L. chmielewski and backcrossed with GT.

derived from these crosses were used by selecting lines carrying the recessive
uniform ripening () allele in addition to the Ap-1, hp-2, atv and Ip alleles.

5.2.1.2 Pretreatment of the seeds

In all experiments, except in the daytime supplementary FR experiment, seeds
were surface sterilized as described in 2.2.1.2. In the continuous broad-band light
experiment seeds were also pregerminated (showing radicle emergence) before
final sowing to obtain a higher germination percentage and to synchronize the
time of emergence as described in 2.2.1.2. In the light-pretreatment and threshold-
box experiments surface-sterilized seeds were directly sown in plastic boxes with
transparent lids on filter paper moistened with germination buffer (see 2.2.1.2).

5.2.2 Phytochrome assays

Methodology for in-vive phytochrome spectrophotometry and Western-blot
analysis is described in 2.2.2.

5.2.3 Anthocyanin and chlorophyll assays

Methodology for anthocyanin determination is described in 2.2.3. In the
supplementary daytime FR experiment the anthocyanin content is expressed on a
fresh-weight (FW) basis (Ag,s/g FW).

Methodology for chlorophyll determination in the continuous broad-band light
experiment is described in 3.2.4. Samples grown under FR and in D, and samples
grown under B and R, were incubated in 2.5 and 5.0 mL DMSO, respectively.
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5.2.4 Experiments

5.2.4.1 Continuous broad-band light experiment

Surface-sterilized and pregerminated WT (GT), hp-1*, hp-2, atv and Ip seeds sown
in trays were incubated for 72 h at 25 °C. The irradiation with continuous B, R and
FR (3 umol.m™.s™) was started just before the seedlings emerged through the soil
surface (= day 0). The lengths of 20 hypocotyls (from soil surface to the hypocotyl
hook or cotyledons after opening of the hypocotyl hook) under B, R, FR and in D
(viewed under dim-green safelight) were measured with a ruler on a daily basis for
7 days. In addition, the hypocotyl lengths of 20 seedlings grown in absolute D for
the duration of the experiment were measured.

For determination of the anthocyanin, samples (4 replicates) of 5 hypocotyls
were taken at the end of the experiment (day 7). Both roots and cotyledons were
removed. For determination of the chlorophyll a and b, samples (4 replicates) of
5 pairs of cotyledons were taken at the end of the experiment (day 7).

5.2.4.2 White-light experiment

Surface-sterilized and pregerminated WT (GT), Ap-1", hp-2, atv and Ip seeds sown
in trays were incubated in a 16-h white light (WL, 250 pmol.m s photosyntheti-
cally active radiation [PAR])/8-h D cycle at 25 °C. Every seedling was marked on
emergence, enabling the hypocotyl length of each seedling after the appropriate
number of WL/D cycles to be measured. After 7 days after emergence the length
of 20 hypocotyls was measured and anthocyanin was extracted in 4 replicates of
5 hypocotyls and in 6 replicates from 3 pairs of cotyledons.

5.2.4.3 Light-pretreatment experiment

Surface-sterilized WT (GT), hp-1*, hp-2, atv and Ip seeds were sown in plastic
boxes with transparent lids and incubated in D for 84 hat 25 °C. A 12-hBor R
pretreatment (both 3 pmol.m™s™") was terminated by a pulse of R (5 min,
3 umol.m2.s™"), FR (10 min, 10 pmol.m %s™") or R immediately followed by FR.
Both pulses were saturating for phytochrome photoconversion. The boxes were
then transferred to D for 24 h before anthocyanin determination in 4 replicates of
10 whole seedlings.

5.2.4.4 Threshold-box experiment

Surface-sterilized WT (GT), hp-1", atv and Ip seeds were sown in plastic boxes
with transparent lids and incubated in D for 90 h at 25 °C before exposure to 24-h
continuous monochromatic R (660 nm) in a threshold-box unit (see 4.2.4.2).
Anthocyanin was determined at the end of the 24-h 660 nm monochromatic
irradiation of different fluence rates in four replicates of 10 whole seedlings.
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5.2.4.3 Supplementary daytime FR experiment
Non-pretreated WTs (AC and GT), Ap-1, hp-2, atv and Ip seeds were directly
sown in trays and grown in a 16-h WL (170 pmol.m™.s™ PAR)/8-h D cycle for
seven days at 25 °C. The plants were then transplanted into plastic pots
(10x10x8.5 cm) and transferred to a cabinet with the same cycle, but higher
irradiance (230 umol.m2.s™' PAR) which had a R:FR photon ratio of 6.90. After
18 days the plants were transferred to two cabinets with a similar 16-h WL/8-h D
cycle {(—FR), one of which had additional FR (+ FR), which is not photo-
synthetically active and reduces the R:FR photon ratio to 0.13 (see 6.2.5.1 and
6.2.6.1). Plant height (6 replicates) was measured every other day during a 6-day
treatment with and without supplementary daytime FR.

For determination of the anthocyanin, samples (6 replicates) of young leaves,
of comparable development (5-15 mm in length) were taken at the end of the
experiment (day 6).

5.2.5 Light facilities and light measurements

5.2.5.1 Light cabinets and sources

The WL experiment was performed in a phytotron (Wageningen); the WL-source
is described in 3.2.6.2. The continuous broad-band light experiment was
performed in cabinets for low irradiance described by De Lint (1960); the B-, R-
and FR-sources are described in 3.2.6.2. The light-pretreatment experiment was
performed in the light-cabinets, described in 2.2.5.1; the R- and FR-sources are
described in 2.2.5.2. The threshold-box experiments light were performed in the
threshold-box units (see 4.2.4.2), using an interference filter (Schott, Mainz,
Germany) with a peak transmission at 660 nm and a bandwidth of 10.6 nm at
50 % of the transmission maximum. The supplementary daytime FR experiment
was performed in cabinets at the Botany Department, University of Leicester,
Leicester, UK (see 6.2.6.1); the light-sources are described in 6.2.6.1. The light
sources used in the phytochrome assays are described in 2.2.5.2.

5.2.5.2 Light measurements

Fluence rates and spectral distributions of the light sources were recorded using
a cosine-corrected remote probe connected to a calibrated LI-1800 spectro-
radiometer (Li-Cor, Lincoln, NE, USA), as described in 2.2.5.3.
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5.3 Results and discussion

5.3.1 Immunochemical and in-vive spectrophotometrical analysis of
phytochrome

No differences in phytochrome A (phyA) polypeptide (PHY A) and phytochrome
B (phyB)-like polypeptide (PHYB) were observed in extracts of etiolated
seedlings of the WT (GT) and derived kp-1" and Ap-2 mutants (Fig. 5.1A) and of
the WT (GT) and derived atv and Ip mutants (Fig. 5.1A).The PHYB antibody used
is known from an earlier study to recognize the PHYB1 pool in tomato (Chapter
3). As expected for phyA, a 4-h R irradiation strongly depleted the light-labile
phyA pool (Chapters 2 and 3). Only in the case of the Ip mutant was there an
indication of a reduced level of PHYB, after a 4-h R irradiation. However this
small effect could be explained on the basis of genetic background effects, since
the mutants have only been backcrossed into GT once.

Analysis of the total spectrophotometrically detectable phytochrome (Ptot) in
the hp-1*, hp-2 and atv mutants showed they all have a similar level, comparable
to the WT (Table 5.2). The residual fraction of Ptot present after a 4-h R
irradiation, which depletes the light-labile phyA pool, represents the level of light-
stable phytochromes, as shown in similar experiments using the phyA-deficient
fri tomato mutants (Chapter 2). The Ip mutant shows a significantly lower Ptot
level after 4-h R irradiation than the other genotypes, indicating a slight reduction
in the stable fraction, which is consistent with the Western-blot analysis.

Table 5.2. In-vivo measurement of total spectrophotometrically detectable phytochrome (Ptot) in
WT (GT), and derived hp-1*, hp-2, atv and Ip mutant tomato seedlings. The Piot in dark-grown
4-day-old seedlings, or seedlings of the same age exposed to 4 h R (20 pymol.m™ s7"), was measured

using a dual-wavelength spectrophotometer and is expressed as 107 A(AA 1 g0 V40 seedlings + SE.

Treatment
Genotype
Dark 4hR

WT (GT) 17.47 £0.39 1.35 +0.05
hp-1* 16.65 £ 0.47 1.13£0.02
hp-2 17.38 £ 0.75 1.17 £ 0.02
arv 17.22 £ 0.63 1.38 £0.02
Ip 16.33 £ 0.66 0.89 +0.04
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A
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Figure 5.1. Western-blot analysis of phytochrome A and B polypeptides (PHYA and PHYB,
respectively) in crude extracts of: (A) WT (GT), and derived hp-1* and hp-2 mutant tomato seedlings;
(B) WT (GT). and derived azv and {p mutant tomato seedlings. Dark-grown 4-day-oid seedlings, or
seedlings of the same age but exposed to 4 h R (20 pmol.m%,s™"), were used for the detection of
PHY A and PHYB with monoclonal antibodies mAPS5 and mAT1, respectively.
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5.3.2 Hypocotyl growth

In continuous low fluence broad-band irradiation experiments at equal photon
fluence rate (3 pmol.m™.s™) a strong inhibition of hypocotyl length after 7 days
in B, R and FR is seen for all genotypes studied, compared to the D control (Fig.
5.2). The hypocotyl length of the sp-/™ mutant is the most strongly inhibited
compared to the other genotypes in all treatments, followed by the Ap-2 mutant.
The atv and Ip mutants exhibit an intermediate inhibition compared to WT in B,
R and FR. In addition, chlorophyll a and b content was similar in the hp-1*, hp-2,
atv and Ip mutants compared to WT at the end of the 7-day treatment under
continuous low fluence broad-band B and R (data not shown).

In a similar series of experiments the two different Ap-! alleles, Ap-1* (WB3)
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A arv
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® hpI”
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Days after emergence

Figure 5.2. The hypocotyl length of WT (GT), and derived hp-1*, hp-2, atv and Ip mutant tomato
seedlings. Seedlings were grown for 7 days in continuous broad-band B, R, FR (3 pumol.m™.s™'). The
mean hypocotyl length (mm)+SE of the absolute D control of WT (GT), hp-1*, hp-2, atv and Ip at
the end of the 7-day period was: 154 £3, 133£3, 1533, 1523 and 163£2, respectively. For clarity
only the SE for the last data points are shown.
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and hAp-1 (GCR60) in three different genetic backgrounds (AC, MM and GT),
exhibit a similar inhibition of hypocotyl elongation under continuous low fluence
broad-band irradiation of R and FR, demonstrating the inhibition is independent
of the genetic background (data not shown).

When grown in a 16-h WL (250 pmol.m?.s™ PAR)/8-h D cycle for seven days
the hypocotyls of the hp-1", kp-2, atv and Ip are similar in length compared to the
WT (Table 5.3).

Early reports of the hp-i mutant emphasized its subnormat and less vigorous
behaviour with respect to seed germination and seedling growth compared to WT
(Thompson et al., 1962; Kerr, 1965; Rick, 1974). In our experiments using Ap-1",
hp-2, atv and Ip mutants these responses were very similar to that in the WT.

One interesting aspect of the phenotype of the hp-1* and hp-2 mutants is that
under continuous FR, 6-7 days after emergence both mutants seem to abort their
developmental program. The hypocotyls just below the hypocotyl hook collapse
resulting in the hypocotyl breaking just below the cotyledons. This Iethality under
continuous FR was not seen in gtv and Ip, but under the same conditions it was
also obvious in a tomato line overexpressing the oat PHYA3 gene (Boylan and
Quail, 1989), which has an equivalent phenotype to #p mutants. Thompson et al.
(1962) reported that stems of the Ap mutants were brittle, resuiting in a higher
mortality. In tomato (Van Tuinen et al., 1995a) and Arabidopsis (Barnes et al.,
1996) continuous FR induces a block of greening of the cotyledons in subsequent
WL. It has been proposed this is caused by a phyA-dependent irreversible
repression of the protochlorophyllide reductase genes (POR), coupled with
irreversible plastid damage (Barnes et al., 1996). We hypothesize that the lethality
under continuous FR in both Ap-i" and hp-2 mutants, may be rclated to a
promotion of the FR-signalling (phyA-signalling), whereas atv, Ip and WT are
unaffected. However, transferring seedlings to WL after 7-d treatment of FR is
lethal for all the genotypes. Only the phyA-deficient fri mutants green and survive

Table 5.3. The hypocotyl length (mm) * SE and the anthocyanin content (A,,;) + SE per
5 hypocotyls and per 3 pairs of cotyledons of WT (GT), and derived Ap-1*, hp-2, atv and Ip mutant
tomato seedlings. Seedlings were grown in a 16-h WL (250 pmol.m™.s™ PARYS-h D cycle for 7 days.

Length (mm) Anthocyanin content (Ag,s)

Genotype

Hypocotyls Hypocotyls Cotyledons
WT (GT) 38.4 + 0.6 0.81+0.02 1.44+0.15
hp-1* 37308 1.22 £ 0.03 1.35 £ 0.08
hp-2 40009 1.06 £ 0.02 1.14 £0.22
arv 39608 1.27 £0.03 140+ 0.12
Ip 382038 0.96 = 0.04 1.23x0.12
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such transfer (Van Tuinen et al., 1995a), indicating the unambiguous role of phyA
in this process.

5.3.3 Anthocyanin biosynthesis

The anthocyanin content of the tomato hypocotyls of the different genotypes at the
end of a 7-day treatment under continuous low fluence broad-band B, R and FR
is given in Fig. 5.3. The hp-I*, hp-2, atv and Ip mutants show an enhanced
anthocyanin content compared to WT. Both Ap-1" and Ap-2 mutants exhibited an
almost equal anthocyanin response in B and R. The /p mutant has a WT-level of
anthocyanin in R, but in B it has a level twice as high as in R. This is in sharp
contrast to the afv mutant which exhibits twice as much anthocyanin in R as in B.

WT (GT)

8 Fw-fw-:wwwfuuwi:\wmn:;p
R
F

Ip

0.00 0.05 0.10 0.15 0.20 0.25

Anthocyanin (Asas/ 5 hypocotyls)
Figure 5.3, The anthocyanin content (As,,/3 hypocotyls + SE) in WT (GT), and derived hp-1*, hp-2,
atv and Ip mutant tomato seedlings. Seedlings were grown for 7 days in continuous broad-band B,
R, and FR (3 pmol.m™.s™") and in absolute D.
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This suggests that the /p mutation, may be specific for B photoreceptor signalling,
whilst the atv mutation is specific for phytochrome signalling.

The anthocyanin content in hypocotyls of the different genotypes grown in a
16-h WL (250 pmol.m™s™* PAR)/8-h D cycle for 7 days (Table 5.3) clearly shows
an increase in anthocyanin for all the mutants compared to the WT, the highest
level being in atv and Ap-1. In contrast, no dramatic differences in hypocotyl
growth under the same conditions were observed. The anthocyanin content was
also measured in cotyledons (Table 5.3), and only slightly different values were
seen between the genotypes.

An histological study by Von Wettstein-Knowles (1968b) using WL-grown hp-7
and arv mutants, revealed almost uniformly 'black’ mature stems and a dense
anthocyanin pigmentation of the whole leaf in the arv mutant compared to hp-1,
while the latter had less anthocyanin in stems and a strong association of
anthocyanin with leaf veins. This indicates that the effect of the sp-1 mutation has
a different tissue expression than the atv mutation.

Anthocyanin synthesis was also studied during a 24-h D period after B and R
pretreatments (Dromm-Herrel and Mohr, 1982) terminated by an inductive pulse
of R or a R pulse followed immediately by a FR pulse. The R/FR reversibie
anthocyanin synthesis during a subsequent 24-h D period after pretreatment of
12-h B or R (Fig. 5.4) was ca. 5-fold higher in the Ap-I mutant than in the WT.
There is no difference between R and B pretreatments in Ap-1, whereas in WT the
B pretreatment is about twice as effcctive than R. In the Ap-2 mutant the R pulse
after a B pretreatment significantly increases the anthocyanin content, in contrast
to the saturated response in the ip-1, atv and Ip mutants. Under these conditions
the Ip mutant exhibits a relatively low response amplification after a R
pretreatment, whereas the other mutants respond to both R and B pretreatments.
In the first day after transition from D to R (4 days from sowing) there is a very
high competence for anthocyanin formation in tomato which gradually declines
over the next seven days (data not shown). However, in these light-pretreatment
experiments the afv mutant is far more responsive to R than the Ip mutant.
Collectively the above experiments and those under prolonged broad-band
irradiation (Fig. 5.3) point to the specificity of the Ip mutation for a B-dependent
response amplification pathway.

A detailed fluence-rate response study for anthocyanin biosynthesis was carried
out using 4-day-old hp-1*, atv and Ip mutants and WT (GT) under 660-nm
monochromatic irradiation for 24 h in a threshold-box unit (Fig. 5.5). The WT
fluence rate response relationship shows two components: a low fluence rate
response (LFRR) and a high irradiance response (HIR). The results confirm earlier
studies with Ap-1I indicating that both the LFRR and the HIR components are
amplified in R (Peters et al., 1992a). However, the afv mutant shows a much
stronger amplification of the HIR compared to the LFRR, whereas the Ip mutant
exhibits no dramatic amplification of either response components in R, confirming
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Figure 5.4. The anthocyanin content (As,4/10 seedlings + SE) in WT (GT), and derived Ap-1*, hF-2,

25 ) or

.s7') terminated with no pulse, a pulse of R, a pulse of FR or a R pulse immediately
followed by FR puise (all pulses were saturating for phytochrome photoconversion). All seedlings
were then kept in D for 24 h prior to the anthocyanin extraction.
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Figure 5.5. Anthocyanin accumulation (As/10 seedlings = SE) in WT {GT), and derived Ap-1*, arv,
and fp mutant tomato seedlings. Dark-grown 4-day-old seedlings were given a 24-h monochromatic
irradiation with 660 nm of different fluence rates. D = dark control.

that Ip has little influence on phytochrome signalling under R. Since the LFRR
and HIR components in R have been attributed to phyA and phyB1, respectively
(Chapter 4), the amplification seen in the atv mutant appears to show specificity
for the phyB1 HIR pathway. This supports the idea of discrete signalling pathways
of phyA and phyB1 upstream of the common signal transduction chain leading to
anthocyanin biosynthesis. Further support for this concept is provided by
experiments with a transgenic tomato line overexpressing the oat PHYA3 gene,
which show a dramatic amplification of the LFRR component, whilst retaining a
normal phyB1 HIR (Chapter 4).

In a supplementary daytime FR experiment the anthocyanin content of the
youngest leaves was measured in plants grown in a 16-h WL (230 pmol.m™s™
PAR)Y/8-h D cycle for 24 days (Table 5.4). In WL, the hp-1, Ap-2 and atv mutants
without supplementary daytime FR all had similar high levels of anthocyanin, ca.
30 % higher than the control. The Ip mutant had a WT-level of anthocyanin. All
genotypes exhibited a cessation of anthocyanin biosynthesis in young leaves when
exposed to supplementary daytime FR as described for the Ap-I mutant
(Kerckhoffs et al., 1992; Chapter 6).
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Table 5.4. The increase in plant height (mm) + SE and anthocyanin content (A,,/g FW) + SE of
comparable developed young growing leaves of WT (AC and GT), and derived hip-1, hp-2, atv and
Ip tomato mutant plants treated with and without daytime supplementary FR. Plants were grown in
a 16-h WL (230 pmol.m™2s™ PAR)/8-h dark (D) cycle. After 18 days from sowing plants were grown
under conditions of [6-h WL (- FR) or 16-h WL with supplementary daytime FR {(+ FR) continued
for 6 days. The anthocyanin content was measured at the end of the treatment.

Increase in plant height (mm) Anthocyanin (A;,/g FW)
Genotype
—-FR +FR -FR +FR
WT (AC) 398+£22 1974 £5.1 4.86 £0.33 0
hp-1 222+07 148.8 3.8 6.05+0.52 0
WT (GT) 43.6+20 208.0x 6.8 4.64 £0.39 0
hp-2 206 +£0.5 114.6+ 6.8 6.10+0.38 Y
aty 25212 111.3 £ 9.6 5.90+0.59 0
ip 318x15 1588+55 4.73£0.53 0

5.3.4 Elongation to supplementary daytime FR

In a supplementary daytime FR experiment hp-1, hp-2, atv and Ip mutant plants,
grown in a 16-h WL (230 pmol.m™.s™' PAR)/8-h D cycle for 24 days, show a
qualitatively similar elongation responses compared to the WTs (Table 5.4), as
shown for the hp-1 mutant (Chapter 6). The Ap-/ mutant also exhibits a normal
end-of-day FR (EODFR) response (Peters et al., 1992b; Chapter 8). However, the
response to supplementary daytime IR is almost an order of magnitude greater.
This indicates that despite their compact phenotype, these mutants exhibit a
normal shade-avoidance response.

5.3.5 Greenhouse observations

The immature fruit colour of tomato plants was monitored in the greenhouse
during the summer (Wageningen). The kp-/ and hp-2 mutants have darker green
fruits compared to WT. The atv mutant fruits have a WT colour, whereas the Ip
mutant fruits are only slightly more dark green. The Ap-1 and /Ap-2 mutants appear
to have additional pleiotropic effect on fruits, having a more elongated shape as
well as a dark-green colour.
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5.4 Concluding remarks

The nature of the processes influenced by the hp-1, Ap-2, atv and Ip mutations is
still unknown. The HP-1, HP-2 and ATV genes are proposed to encode repressors
of phytochrome signal amplification on the basis of their recessive (loss-of-
function) nature. However, the Ip mutant is reported to be dominant (Rick, 1974)
and presumably results in a promotion of phytochrome signal amplification. The
hp-1, hp-2, atv and Ip mutations are pleiotropic for different photomorphogenic
responses, and therefore not specific anthocyanin response mutants. The
phytochrome characteristics studied to date show no significantly higher level of
phytochrome in these mutants than in the WT. Therefore the difference observed
cannot be explained by a higher absolute level of the active FR-absorbing form of
phytochrome (Pfr). The phyA and phyB1 phytochrome gene family members,
have been demonstrated as the phytochromes which are necessary for anthocyanin
biosynthesis under R (Chapter 4). While it is theoretically possible that other
phytochromes can play a role it is difficult to test such a hypothesis at present until
type specific antibodies to all tomato phytochromes become available. The Ip
mutant appears to be specific for B photoreceptor signalling and the afv mutant
specific for phytochrome signalling. A comparison of several phenotypical
characteristics of the hp-I*, hp-2, atv and Ip mutants, compared to WT is given in
Table 5.5.

Table 5.5. Comparison of the exaggerated-photoresponse mutants to WT (GT).

Genotype
Parameter
WT hp-1* hp-2 atv Ip
Phytochrome
phyA + + + + +
phyB + + + + +
Anthocyanin
In red light + +++ +++ ++ +
In btue light + +++ -+ + F++
Hypacotyl inhibition
In red light + +++ ++ ++ +—+
In blue light + +++ +4++ 4+ +++
Chlorophyll content
Cotyledons + + + + +
Immature fruit + +++ +++ + +

+=WT level or response
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LFRR
PhyA mipe _I_
hp-1
hp-2
Anthocyanin
response

R-HIR

phyB1 - ‘im

|

Photoperception Signal transdoction & amplification

Figure 5.6. Working hypothesis indicating the signal transduction chains leading to anthocyanin
biosynthesis in young tomato seedlings and the proposed sites of action of the exaggerated-
photoresponse mutants, based on their recessive nature for sip-7, hp-2 and arv and dominant nature
for Ip. The arrows represent promotive effects, and the flat-ended lines represent an inhibitory action
or repressive effect. The increasing size of the arrows indicates signal amplification.

We hypothesized that the Ap-1 and Ap-2 are mutations in a cornmon pathway
since they are similar in overall phenotype and no novel phenotypes were
observed in putative double mutants (data not shown). A summarized scheme of
the present findings is shown in Figure 5.6. The cloning of these genes is of great
interest and will provide a valuable insight into the complexities of signal
amplification in photomorphogenesis.
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CHAPTER 6

A study of shade-avoidane
development in the auz
mutants of tomato

Abstract. Four genotypes of tomato {Lyca
background Ailsa Craig were used: an aurea (ag
of phytochrome chromophore; a high-pigment-] mutant,
phytochrome responses at the time of de-etiolation; the di, hp-1 dou
near-isogenic wild type (WT). A study of etiolated seedlings revealed
spectrophotometrically and immuncchemically detectable phytochrome in the WT and
hp-I mutant, whereas the au and au, hp-1 mutants both lacked any spectrophotometrical
detectable phytochrome. A dramatic increase in plant height resulting from an increase
in the length of all internodes, for cach of the genotypes studied was observed upon
reduction of the red light: far-red light photon ratio (R:FR) from 6.90 to 0.13 by addition
of FR for the whole photoperiod. A concomitant increase in leaf length was also
observed. The fact that qu and aw, hp-1 mutants, both deficient in the phytochrome
chromophore biosynthesis, respond to this reduction in the R:FR is consistent with the
leaky nature of the au mutation and demonstrates that the phytochrome pool that
mediates this response is present and fully functional. Anthocyanin was detectable in the
comparably developed young growing leaves of the WT and Ap-7 mutant under ¢he high
R:FR, but not in the au and au,Ap-1 mutants. The kinetics of anthocyanin decrease in the
young growing leaves was investigated in the hp-/ mutant and the results suggest a very
rapid cessation of flavonoid biosynthesis upon reduction of the R:FR. The functions of
different phytochrome types in these responses are discussed. In addition, a study of fruit
development of the four genotypes grown under greenhouse conditions was carried out.
The Ap-I1 phenotype, i.e. dark-green foliage and immature fruit colour due to high
chlorophyll levels, is also expressed in the au,kp-1 double mutant. Carotenoid content
of the hp-1 mutant fruits is also higher than that of the WT fruits. The au,hp-1 was shown
to be intermediate in total chlorophyll and carotenoid level! between that of the
monogenic au and Ap-I mutants. The 40-45 day-old aw,hp-1 fruits resemble hp-1 fruits
more than au fruits.

6.1 Introduction

The control of plant development by light involves at least three different
photoreceptors: phytochrome, which exist in two photochromic forms, Pr and Pfr,

This chapter has in part been published:
Kerckhoffs et al. (1992). Photochem. Photobiol. 56: 611-615. 113
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absorbing red light (R) and far-red light (FR), respectively; a blue light (B)/UV-A-
absorbing photoreceptor, often referred to as cryptochrome and a UV-B-absorbing
photoreceptor. Phytochrome is the best understood photoreceptor and is comprised
of a family of light-labile and light-stable photoreceptors (Furuya, 1989). The
light-labile phytochrome, referred to as type [ phytochrome (PI) is encoded by
PHYA and accumulate to high levels in etiolated seedlings, where it acts as an
antenna for the sensitive detection of light and the induction of the de-etiolation
process. The light-stable phytochromes, referred to as type II (PII) are phyto-
chromes which accumulates in light-grown tissue and the genes for PII are
constitutively expressed (Sharrock and Quail, 1989). These two types of phyto-
chrome have been proposed to have discrete functions on the basis of
physiological evidence (Smith and Whitelam, 1990). Smith (1982) has proposed
that one specific function of phytochrome is related to the perception of a reduced
proportion of R relative to FR, i.e. reduced R:FR photon ratio (R:FR), occurring
in the light environment, which initiates the shade-avoidance response. Cultivation
of the plants in cabinets under controlled environmental conditions in which the
R:FR is varied, whilst the total photosynthetically active radiation (PAR) is held
constant, enables the shade-avoidance response to be studied in the laboratory. An
inverse linear relationship between the phytochrome photoequilibrium (),
Pfr/(Pfr + Pr), and response (e.g. internode extension) has been observed (Morgan
and Smith, 1978; Casal and Smith, 1989). Exposure of the plants to daily end-of-
day FR (EODI'R) (Downs er al., 1957; Kasperbauer, 1971), which reduces the
level of Pfr during the foliowing dark (D) period, results in a phenotype that is
similar, but less extreme than that due to the shade-avoidance response. While
EODFR and a2 day-time reduction in R:FR result in qualitatively the same response
the underlying mechanisms are probably different. In the case of the EODFR
response the level of Pfr during the D period is clearly important and escape from
FR effectiveness experiments suggest that the presence of Pfr is required for many
hours to keep plants short (Peters er al., 1992b). In contrast relatively small
changes in R:FR during the light period can result in rapid {time scale of minutes)
modulations of elongation growth {Morgan et al., 1980; Child and Smith, 1987).

The assignment of specific functions to the different phytochromes is being
studied with the aid of mutants in which certain parts of the photomorphogenic
pathway are eliminated or altered (Kendrick and Nagatani, 1991; Koornneef ef al.,
1992). One of the most extensively studied photomorphogenic mutants of tomato
to date is the au mutant, which was initially thought to be specifically deficient in
the bulk light-labile phytochrome pool. Recently, Terry and Kendrick (1996)
proved that au is deficient in the biosynthesis of the phytochrome chromophore
and therefore proposed it is deficient in more than one type of phytochrome. This
deficiency in phytochrome in the ay mutant makes it a lethal mutation if the
seedling is grown under R. In white light (WL) the au mutant has a longer
hypocoty! and delayed anthocyanin accumulation compare to the wild type (WT)
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(see 4.3.1). Adult light-grown plants have yellow-green leaves which are slightly
Jjuvenile in appearance, but despite their reduced chlorophyll content they grow
extremely well. The yellow colour of the leaves indicates that greening continues
to be defective in mature au mutant plants. Surprisingly, the au-mutant leaves
show net photosynthesis rates comparable to WT, despite their reduced
chlorophyll content (Lopez-Juez et al., 1990; Becker et al., 1992). The monogenic
recessive high-pigment (hp- 1) mutant shows exaggerated phytochrome responses
(Chapter 5), particularly at the scedling stage, i.e. an opposite phenotype to the au
mutant: shorter hypocotyl, more anthocyanin and darker green leaves than WT
(Peters et al., 1989; 1992a). The Ap-I mutant is phenotypically similar at the
seedling stage to transgenic tomato plants overexpressing an oat PHYAJ gene
(Boylan and Quail, 1989). The au,hp-1 double mutant, expected to be deficient in
the biosynthesis of the phytochrome chromophore, has a phenotype closer to au
than Ap-1 at the seedling stage, demonstrating the au mutation is epistatic to sp-1.
In WL-grown plants the Ap-/ mutation appears to have a dwarfing effect in the
au,hp-1 double mutant, particularly when fluorescent lighting is used. The au
mutant has been shown to exhibit a normal EODFR response, resulting in an
increase in plant height (Adamse ef al., 1988; Lépez-Juez et al., 1990; Peters et
al., 1992b), which is consistent with the gradual accumulation of phytochromes
in light-grown plants due to the leakiness of the mutation (Terry and Kendrick,
1996; Van Tuinen et al., 1996a). The au,hp-! double mutant and the Ap-/ mutant
also respond to EODFR (Peters et al., 1992b).

Ripening of the tomato fruit is a complex developmental process involving
several major changes in the fruit character (Khudairi, 1972). Foliar pigments
(B-carotene, chlorophylls and various xanthophylls) accumulate in the growing
immature-green fruit. During the mature-green and breaker stages (i.e. an incipicnt
pink colour, developing around the blossom end of the fruit), the chlorophyll
content of the pericarp falls steeply as a consequence of the differcntiation of
chloroplasts in chromoplasts (Edwards and Reuter, 1967; Harris and Spurr, 1969).
This chloroplast-chromoplast transition results in the accumulation of carotenoids,
mainly lycopene at the end of the ripening, which give the ripe tomato fruit its
characteristic red colour (Khudairi, 1972; Rabinowitch et al., 1975; Brady, 1987).
The pigment accumulation in maturing tomato fruit is controlled by phytochrome
(Piringer and Heinze, 1954; Khudairi and Arboleda, 1971; Thomas and Jen,
1975). At no stage of development were any flavonoids (e.g. anthocyanins)
detected in tomato Truits (Khudairi, 1972; Laval-Martin ef al., 1975). The mature
au fruits have a white-green appearance, but in later stages of fruit ripening they
turn red like the WT. The hp-I fruits have a dark-green immature fruit colour due
to high chlorophyll levels. The higher lycopene and carotenc content of ripe fruits
results in a deep-red colour (Thompson et al., 1962; Baker and Tomes, 1964,
Sanders et al., 1975; Mohr, 1979; Frecknall and Pattenden, 1984).
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The aim of this study was to investigate the responses of the au, Ap-1 and
au,hp-1 mutants along with their near-isogenic WT, to changes in R:FR during the
whole of the daily photoperiod and to quantify the effect of the au and Ap-I
mutations at the fruit level. In addition, we have made an analysis of the phyto-
chrome status in etiolated seedlings of WT, hp-1, au and au,hp-1 by spectrophoto-
metry and immunology.

6.2 Materials and methods

6.2.1 Plant material

Three recessive mutants of tomato (Lycopersicon esculentum Mill.) cultivar Ailsa
Craig (AC) were used: two monogenic ai and Ap-/ mutants, and the aw,hp-71
double mutant. Both au (GCR 360) and hp-7 (GCR 60) were described by Maxon
Smith and Ritchie (1983). The au, ip-1 double mutant was described by Adamse
et al. (1989). The overall morphology of this double mutant resembled the au
phenotype at the seedling stage.

6.2.2 Phytochrome assays

Methodology for in-vive phytochrome spectrophotometry and Western-blot
analysis is described in 2.2.2.

6.2.3 Anthocyanin assay

Methodology for anthocyanin determination is described in 2.2.3. Anthocyanin
content is expressed on a fresh-weight (FW) basis (As,/g FW).

6.2.4 Chlorophyll and carotenoids assays

Chlorophyll was extracted from (.10 g leaf samples (only leaflets of mature leaves
were used) by immersion in 10 mL N N-dimethylformamide (DMF) and incubated
in D for 48 h at 4 °C after Moran and Porath (1980}, Absorbance at 647 and 664
nm was determined spectrophotometrically (Lambda 5 UV/VIS; Perkin-Elmer,
Beaconsfield, UK). Chlorophyll ¢ and b were calculated on a FW basis using the
equations published by Inskeep and Bloom (1985).

For determination of chlorophyll a and b, and total carotenoids in fruits, samples
were obtained with a cork-bore (diameter 1.024 cm) from the equator of the fruit,
using the outer firm portion of the pericarp, without the locular tissue containing
the seeds. The discs were incubated in 5 mL dimethylsulfoxide (DMSO) at 65 °C
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(after Hiscox and Israelstam, 1979) for 4 days in D. After cooling down to 20 °C
the absorption at 470, 649 and 665 nm was determined spectrophotometrically
(DU-64; Beckman Instruments, Fullerton, CA, USA). Chlorophyll a and b, and
total carotenoids were calculated per cm? fruit area, using the equations published
by Lichtenthaler and Wellburn (1983) for ethanol (96 %, v/v). Leaves were also
assayed following this procedure in the same experiment.

6.2.5 Experiments

6.2.5.1 Supplementary daytime FR experiments

Seedlings were raised from seed at 25 °C in plastic trays with a potting com-
post/sand mixture (3:1, v/v) and grown in a 16-h WL (170 umol.m™.s™ photo-
synthetically active radiation {PAR]Y 8-h D cycle for 7 days. The plants were then
transplanted into plastic pots (10x10x8.5 cm) and transferred to a cabinet (Fisons,
Loughborough, UK) with the same cycle, but higher irradiance (230 pmol.m s ™!
PAR), which had a R:FR of 6.90, establishing a ¢ of 0.72. After 17-21 days from
sowing plants were transferred to two cabinets (Fisons) with a similar 16-h
WL/8-h D cycle (— FR}, one of which had additional FR (+ FR}), which is not
photesynthetically active and reduces the R:FR t0 0.13 and ¢ t0 0.37 (Table 6.1).
The supplementary daytime FR had a duration of 15 h 45 min, switched on/off a
few minutes later/earlier than the WL background, to prevent any EODFR effects
in this experiment. All other environmental conditions within the cabinets were
identical, with a 16-h photoperiod at a constant temperature of 25 °C day/night
and relative humidity of 70 %. Every two days the length of each internode and
the total plant height in 8 replicates was measured with a ruler to an accuracy of
1 mm. The length of each leaf (including peticle) was also measured with a ruler
in 8 replicates at the beginning and the end of each experiment. Internodes and
leaves were numbered from below (hypocotyl and cotyledons = 0). For deter-
mination of the anthocyanin, samples (6 replicates) of young leaves, of
comparable development (5-15 mm in length) were taken at the end of the
experiment. In experiments involving the kinetics of anthocyanin formation (7
replicates) during a 5-day period of FR treatment in the Ap-/ mutant samples with
a corkbore {(diameter 1.3 cm) from the top-leaflet of leaf number 4 were also
taken. For the determination of chlorophyll, samples (5 replicates) of full-grown
leaves where taken.

6.2.5.2 Fruit characterization

Seedlings were grown in trays in a greenhouse under natural light conditions at
25 °C. After two weeks, the plants were transplanted into soil in the same
greenhouse (March, 1993). Plants were grown in rows (row distance 0.75 m,
within-row distance 0.5 m) and trained to individual wires. Plants were given a
NPK fertilizer solution (0.2 %, w/v) containing magnesium with trace elements
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(Kristalon 19N+6P+20K+3Mg; Hydro Agri, Vlaardingen, the Netherlands),
supplemented with calcium (Dolokal). Pests and diseases were chemically control-
led. Flowers were pollinated three times a week with the aid of a vibrator ('electric
bee").

Fruit set was defined by a visible spreading of the sepals (= day 0). All trusses
were pruned to four fruits per truss just after fruit set. One fruit per truss
(randomly choosen) was allowed to reach the ripe fruit stage (full-red colour) and
acted as a reference to define retrospectively the developmental stage of the other
three fruits during interim harvests. All observations were made daily. To
determine the growth kinetics of the fruits, fruit diameters were measured with a
pair of callipers. These measurements were related to the maximal diameter at the
full-grown stage.

To determine the chlorophyll a and b, and total carotencids 35-40 day-old fruits
(Just before the turning stage or breaker stage, when colour change was incipient)
were analyzed. In addition chlorophyll 2 and b contents of full-grown leaves were
analyzed.

6.2.6 Light facilities and measurements

6.2.6.1 Light cabinets and light sources

In the supplementary daytime FR experiments, two R:FR-treatment cabinets
(Fisons, Loughborough, UK) of similar design were used, which were housed in
the Botanical Gardens Facility of the Botany Department, University of Leicester,
UK. The WL cabinet (— FR) was provided by banks of Philips BFT 75/85W/35
fluorescent tubes, The WL with additional FR cabinet (+ FR) contained the same
tubes, supplemented by interspersed banks of Lohuis R7S/500W tungsten halogen
lamps (20 kW in total), which were filtered through 4 cm of cooled flowing water
and one layer (3 mm) of red (Number 4400) and one layer of green (Number
6600) Perspex (SBA, Leicester, UK). The design allows for uniform levels of
PAR (400-700 nm) and wide ranges of R:FR. The spectral photon distribution in
the two experimental cabinets is given in Figure 6.1. The light sources used in the
phytochrome assays are described in 2.2.5.2.

6.2.6.2 Light measurements and phytochrome photoeguilibrium calculations

Fluence rates and spectral distributions of the light sources were recorded by
placing the cosine-corrected remote probe of a calibrated LI-1800 spectro-
radiometer (Li-Cor, Lincoln, NE, USA) horizontally at plant height. The PAR
(400-700 nm) and the photon irradiance (400-800 nm) were measured and R:FR
was calculated as the ratio of fluence rates over the 654—664 nm and 724-734 nm
wavelength intervals. Phytochrome photoequilibrium (¢) was calculated by the
method of Hayward (1984), using a computer program which integrates the
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Figure 6.1. Spectral photon distribution in the two experimental cabinets, the WL {— FR) cabinet and
the WL with supplementary daytime FR (+ FR) cabinet, respectively.

spectral photon fluence-rate data between 400 and 800 nm with the absorption
coefficients and quantum efficiencies for photoconversion of the Pr and Pfr forms
of oat Type I phytochrome. The value of the phytochrome photoequilibrium for
the WL with additional FR cabinet by this method (¢ = 0.37) is higher than that
based on the abbreviated method (¢ = 0.20) using the R:FR since the light source
in that cabinet is relatively rich in blue light, whereas both methods give a similar
value for the high R:FR cabinet. The spectral characteristics of the two growth
cabinets are summarized in Table 6.1 and Fig. 6.1.

Table 6.1. Spectral characteristics of the two experimental cabinets, the WL (- FR) cabinet and the
WL with supplementary daytime FR (+ FR) cabinet, respectively. At the start of the daily 8-h D
periods the phytochrome photoequilibrium {¢) was 0.72 in both treatments (see text fort details).

Parameter -FR +FR
Phytochrome photequilibrium (¢) 0.72 037
R:FR 6.90 .13
PAR (400-700 nm} [umol.m™.s ™) 230 236
Photon irradiance (400-800 nm} [umol.m>.s™'] 234 839
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6.3 Results and discussion

6.3.1 Immunochemical and ir-vivo spectrophotometrical analysis of
phytochrome

Using an antibody to pea phytochrome A polypeptide (mAPS) no differences were
observed in extracts of 4-day-old dark-grown seedlings of WT (AC) and Ap-I
mutants (Fig. 6.2). In extracts of the ax and au,hp-1 double mutant the amount of
116-kDa phytochrome A polypeptide (PHY A) is lower, ca. 20-25 % compared to
WT, which is in agreement with Sharma ez af. (1993) and Van Tuinen er al.
{1996a). In contrast to the WT and the hAp-I mutant, this low amount of PHYA is
not degraded by a 4-h R irradiation. This observation suggests that the PHYA in
the au and auw,hp-1 mutants is not spectrophotometrically active. Using an
antibody to tobacco phytochrome B polypeptide (mAT1) no differences were
observed between the four genotypes in D) and after a 4-h R irradiation (Fig. 6.2)
as previously shown for au by Sharma et al. (1993).

The data for destruction of total spectrophotometrically detectable phytochrome
(Ptot) in 4-day-old genotypes is shown in Table 6.2. The signals of the au and
au,hp-1 mutants are below the detection limit of the spectrophotometer (see
2.2.2.2)), therefore contain less than 1 % of the Ptot present in the WT. These data
reconfirmed the initial observation by Koornneef er al. (1985) for au™ (in a
MoneyMaker background). The WT and the Ap-I mutant show the same destruc-

PHYA
116 kDa (mAP5)
PHYB
116 kDa (MAT1)

Dark 4hR

Figure 6.2. Western-blot analysis of phytochrome A and B polypeptides (PHYA and PHYB,
respectively) in crude extracts of WT (AC), and derived hp-I, qu and auhp-1 mutant tomato
seedlings. Dark-grown 4-day-old seedlings, or seedlings of the same age but exposed to 4 h R
(20 pmol.m™.s™), were used for the detection of PHYA and PHYB with monoclonal antibodies
mAPS and mAT]1, respectively.
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Table 6.2. In-vive measurement of total spectrophotometrically detectable phytochrome (Ptot) in
WT (AC), and derived hp-J, au and au hp-I mutant tomato seedlings. The Ptot in dark-grown
4-day-old seedlings, or seedlings of the same age exposed to 4 h R (20 pmol.m™.s5™), was measured
using a dual-wavelength spectrophotometer and is expressed as 107 A(A Aq3y400)/40 seedlings + SE.

Treatment
Genotype
Dark 4hR
WT (AC) 15.83+0.34 0.93 +0.03
hp-1 16.00 %+ 0.26 0.84 £ 0.09
au 0 ¢
au,hp-1 0 0

tion kinetics during R, which is in agreement with the observations by Peters ez al.
(1992a).

Both immunochemical and in-vive spectrophotometrical analysis of phyto-
chrome revealed no differences between au and au,hp-1.

6.3.2 Supplementary daytime FR experiments

6.3.2.1 Elongation responses

Light-grown plants have the capacity to detect changes in the environmental light
quality and initiate a shade-avoidance response if exposed to reduced R:FR as a
consequence of light absorption and/or reflection by other plants (Holmes and
Smith, 1975; Casal and Smith, 1989). Under conditions of continuous supplemen-
tary FR irradiation during almost the whole of the photoperiod, a dramatic
increase in elongation growth occurs for all four genotypes studied (Figs. 6.3 and
6.4) as a result of an increase in the length of all internodes (Fig. 6.5). Internode
number four was just visible at 17 days after sowing when the supplementary
daytime FR treatment started. This response to supplementary daytime FR is
almost an order of magnitude greater than previously observed for EODFR
treatment on these genotypes (Peters ef al., 1992b). Since EODFR results in a
reduction of the ¢ value from 0.72 to < 0.05 at the beginning of the D period, it
is clear that the results here with supplementary FR cannot be attributed to an
EOD response, since the supplementary FR stopped just before the end of the light
period, giving time for the ¢ value of 0.72, characteristic of the white [luorescent
light, to be attained. A concomitant increase of leaf length was also observed for
the leaves fully developed under supplementary FR conditions for all four
genotypes (Fig. 6.6), whereas EODFR experiments showed no detectable effect
on this parameter (Lopez-Juez et al., 1990; Peters et al., 1992b). This increase may
have been partially caused by a higher leaf temperature that resulted from the
additional infra-red radiation from the FR sources (Corré, 1983). Despite the
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Figure 6.3. Phenotypes of 29-day-old WT (AC), and derived au; aw,hp-I; and Ap-1 mutant tomato
plants. Piants were grown in a 16-h WL (230 pmol.m™s™ PAR)8-h D cycle. After 21 days from
sowing plants were grown under conditions of 16-h WL (- FR; upper panel) or 16-h WL with
supplementary daytime FR (+ FR; lower panel) continued for 8 days. The actual plant height (mm)
was for WT (AC): 113, 393; au: 132, 424; auhp-1: 98, 359; hp-I: 69, 290; in — FR and + FR,
respectively.

inefficient de-etiolation exhibited by the au mutant and the au,hp-1 double mutant,
light-grown plants displayed an apparently normal shade-avoidance response to
daytime reduction in R:FR in terms of elongation growth. These results confirm
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Figure 6.4. The plant height of WT (AC), and derived Ap-1, au and au, Ap-1 mutant tomato plants.
Plants were grown in a 16-h WL (230 pmol.m™s™ PARY8-h D cycle. After 17 days from sowing
plants were grown under conditions of 16-h WL (— FR) or 16-h WL with supplementary daytime FR
{(+ FR) continued for 15 days. The SE was in all cases, smalier than the symbols used.

the preliminary results with an aw mutant in a different genetic background
(Whitelam and Smith, 1991). The qu mutant also exhibits a normal EODFR
response (Adamse et al., 1988; Lépez-Juez et al., 1990; Peters ef al., 1992b).
Since the au and the aw,hp-I mutants are deficient in the biosynthesis of
phytochrome chromophore, it is proposed that au and au,hp-{ are leaky mutants
and thus able to synthesize phytochrome chromophore in more mature tissues
leading to functional phytochromes at later stages of development.

The Ap-1 mutant responded very similarly to WT to reduction in daytime R:FR.
Transgenic tobacco plants overexpressing oat PHYA exposed to supplementary
daytime FR showed no or the opposite response to that expected (McCormac e¢
al., 1991). Despite the fact that ip-7 seedlings exhibit exaggerated phytochrome
responses (Peters et af., 1992a) and are similar to transgenic tomato seedlings
overexpressing the oat PHYA3 gene (Boylan and Quail, 1989), there is no
evidence of an inhibitory effect of supplementary daytime FR on elongation
growth in WL-grown plants supplemented with daytime IFR.

Data from experiments with other mutants (Somers ef @l., 1991; Nagatani ef al.,
1991; Lopez-Juez et al., 1992), which have been shown to be deficient in a light-
stable phytochrome (phyB) lend support to the conclusion that the different
phytochromes present in plants play important roles at different stages in
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Shade avoidance and fruit development in the au and hp-1mutants
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Figure 6.6. The increase in leaf length of WT (AC), and derived hp-J, au and i, hp-1 mutant tomato
plants. Plants were grown in a 16-h WL (230 pmol.m2.s™' PAR)/&-h D cycle. After 17 days from
sowing plants (just after appearance of leaf number 4} were grown under conditions of 16-h WL
(- FR) or 16-h WL with supplementary daytime FR (+ FR) continued for 15 days. Except for leaf
number 2 of the Ap-/ mutant, all leaf lengths are significantly longer (P< 0.05) in the + FR treatment.

development. These mutants appear to have largely lost the capacity to respond
to supplementary daytime FR and have a phenotype typical of WT plants grown
under extreme vegetational shade. Adult plants of the au and au,hp-I double
mutant showed a quantitatively similar elongation response to reduction in R:FR
indicating that a phyB is fully functional in these mutants.

6.3.2.2 Anthocyanin and chloraphyll biosynthesis

The biosynthesis of anthocyanin takes place mainly in the young growing leaves
after which dilution occurs during leaf growth. The potential for anthocyanin
synthesis appears to be lost in the mature ay mutants, since under WL (R:I'R =
6.90} conditions it is only found in the WT and hp-7 mutant, i.e. it is absent in the
au and au,hp-1 double mutants (Table 6.3). Under a low R:FR (0.13) a very rapid
cessation of anthocyanin synthesis appears to occur in young growing leaves of
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Figure 6.7. The anthocyanin content {A;,//g FW + SE) of the comparably developed young growing
leaves (5-15 mm in length) of Ap-7 mutant tomato plants. Plants were grown in a 16-h WL (230
pmol.m2s” PARY&-h D cycle. After 20 days from sowing plants were grown under conditions of
16-h WL (— FR) or 16-h WL with supplementary daytime FR (+ FR) continued for 4 days in either

— FR treatment or 5 days in + FR treatment.

the kp-I mutant, whereas at high R:FR (6.90} the anthocyanin content remains
constant (Fig. 6.7). After 4 days of treatment there was no detectable anthocyanin
in the young growing leaves which had fully developed under the low R:FR
conditions. Figure 6.8 A shows the change in anthocyanin content for a fixed leaf
position (leaf nember 4) in the same experiment. Under both conditions a decrease

Table 6.3. Comparison of the effect of supplementary daytime FR on anthocyanin content
(As;/g FW = SE) in comparably developed young leaves (5-15 mm in length) and on total
chlorophyll 2 and b (mg/g FW + SE) in mature leaves in WT (AC), and derived Ap-/, au and au,hp-1
mutant tomato plants. Plants were grown in a 16-h WL (230 pmol.m?.s™ PAR)/8-h D cycle. After 17
days from sowing plants were grown under conditions of 16-h WL (- FR) or 16-h WL with
supplementary daytime FR (+ FR) continued for 15 days. Both anthocyanin and chlorophy!l content
were measured at the end of the treatment.

Anthocyanin (A,,,/g FW) Chlorophyll (mg/g FW)
Genotype

-FR + FR -FR + FR
WT (AC) 5.66 + 0.28 0 3.58+0.16 341022
hp-1 7.04 £049 0 360022 349+ 0.19
au 0 0 0.45+0.05 0.87 £0.12
au,hp-1 0 0 1.05+0.10 1.12£0.07
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Figure 6.8. The anthocyanin content (A; Ag,//g FW = SE) and the length (B; mm =+ SE) of the fourth
leaves of hp-I mutant tomato plants. Plants were grown in a 16-h WL (230 pmol.m™.s™ PAR)/8-h
D cycle. After 20 days from sowing plants were grown under conditions of 16-h WL (- FR) or 16-h
WL with supplementary daytime FR (+ FR) continued for 5 days.

in anthocyanin was shown, but under low R:FR it is further reduced due to
increased dilution, resulting from the enhanced growth (Fig. 6.8B). Increasing the
R:FR from 6.9 to 8.0 resulted in a prompt increase in anthocyanin content (data
not shown), indicating that the capacity for anthocyanin formation is sensitive to
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slight changes in R:FR. Similar results were also observed in the WT. In contrast
to the stage of de-etiolation when much higher anthocyanin levels are observed in
the Ap-1 mutant than WT (Peters et al., 1989), in adult plants the anthocyanin
levels in young leaves are of the same order of magnitude (Table 6.3). Under low
R:FR (0.13) conditions, no anthocyanin was detectable in all four genotypes. In
EODFR treatments (Lopez-Juez et al., 1990; Peters ef al., 1992b) the anthocyanin
content decreases strongly in the WT and Ap-/ mutant, but levels were still
detectable. '

In addition, the total chlorophyll content in the WT and Ap-I mutant were
similar under both treatments (Table 6.3). Both au and the au,hp-I double mutant
have largely reduced levels of total chlorophylls, however au responds with an
increase in total chlorophylls in the FR treatment. These observations are in
agreement with those in EODFR experiments (Lépez-Tuez et al., 1990; Peters et
al., 1992b).

6.3.3 Fruit characterization

In an attempt to correlate the content of pigments to a fruit parameter, we have
studied fruit diameter, fruit developmental stage and fruit age. The kinetics in fruit
development (fruit diameter vs. fruit age) are very similar for the four genotypes
studied (Fig. 6.9). All genotypes reached their final similar fruit diameter by
40-45 days after fruit set.

The total chlorophyll content vs. fruit age is plotted in Figure 6.10A. The WT
exhibit a decrease in chlorophyll content with age. In contrast, hp-I, au and
au,hp-1 show a gradual rise in chlorophyll content, with the strongest effect for
au,hp-1. The WT showed a decrease in chlorophyll content during fruit growth,

Table 6.4. Comparison of chlorophyll a (Chl &) and b (Chl b), and total carotenoids {(pg/cm?* + SE)
determined in full-grown leaves and in 3540 day-old fruits of WT (AC), and derived hp-1, au and
au,ip-1 mutant tomato plants. Plants were grown in a greenhouse.

Organ Genotype Parameter (ug/cm?)
Chla Chl & Carotenoids

Leaves WT (AQ) 414 +£0.8 5004 8.8+0.1
hp-1 402+2.1 5204 80x04
au 146+ 0.9 04+£03 44+0.1
ai,hp-1 19.5+09 1.1 01 55+02

Fruits WT (AC) 102+£06 28x01 30£02
hp-1 17.1 £ 0.9 3902 4.1+£0.3
au 39+02 09+0.1 24+02
ait,hp-1 8.7+06 15202 32+03
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Figure 6.9. Relationships between the relative fruit diameter (diameter expressed as % of the final
fruit diameter) and fruit age (days) in WT (AC), and derived hp-1, au and au,hp-1 mutant tomato
plants. Fruit age was determined as days after fruit set. The final fruit diameter (mm £ SE) was for
WT(AC): 45.1£1.1, au: 42,0+ 1.3, hp-1: 43,6 1.2 and au hp-1: 43.1+1.5.

which was much less than calculated on the base of dilution due to growth (Fig.
6.9). This indicates that chlorophyll synthesis is sustained throughout fruit growth.
The highest chlorophyll content was found for the monogenic Ap-/ mutant and the
lowest values was for the au mutant. The Ap-1 fruits showed a slight increase
during development.

Total carotenoid content vs. fruit age is plotted in Figure 6.10B. In all the
genotypes a decrease in total carotenoid content occurs, the most dramatic being
for WT and Ap-1. Table 6.4 shows similar results for 3540 day-old fruits (mature
size), as well as chlorophyll and carotenoid levels in leaf discs of mature leaves
of the same plants. The Ap-/-mutant fruits have the highest carotenoid level
throughout development. For both total chlorophyll and carotenoid content of
fruits it is clear that the ax mutation is not completely epistatic to Ap-1, as is also
the case for mature leaves (Tables 6.3 and 6.4).
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Figure 6.10. Kinetics of total chlorophyll (A; pg.cm™); and total carotencids (B; pg.om™) in 15-45

day-old fruits of WT (AC), and derived kp-7, au and au,kp-1 mutant tomato plants. Plants were
grown in a greenhouse. Fruit age was defined as days after fruit set.
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6.4 Concluding remarks

The photomorphogenic mutants of tomato used in this study, which have a very
pronounced phenotype at the stage of de-etiolation, all exhibit a normal
stimulation of extension growth response to supplementary FR applied during the
daily photoperiod (shade-avoidance response). Such results indicate that phyto-
chrome is present and fully functional in light-grown plants of all these mutants,
whereas at the de-etiolation stage phytochrome responses are severally modified.
These observations are compatible with the ¢ mutation being a leaky mutation
leading to the gradual accumulation of phytochromes involved in photo-
morphogenesis of light-grown plants.

In WL-grown plants the Ap-I mutants have a dwarf phenotype and this dwarf
effect is seen in the au, hp-1 double mutant, particularly when fluorescent lighting
(high R:FR) is used. It is also shown that the Ap-I phenotype is expressed during
fruit development (dark-green pigmentation due to chlorophyll accumulation as
well as having a high carotenoid content) and this phenotype is retained in the
au,hp-1 double mutant. These results with WL-grown plants suggest that the au
mutation is not completely epistatic to Ap-1 suggesting that the au mutation is no
longer limiting in mature plants, presumably due to the gradual accumulation of
functional phytochromes duc to the leakiness of the au mutation. Since no
differences in the level or properties of phytochrome have been observed between
etiolated seedlings of the WT and the Ap-{ mutant ctiolated seedlings, these
observations are compatible with the concept of the Ap-I mutation resulting in the
amplification of phytochrome responses, via loss of the HP-1 phytochrome signal
transduction repressor (Chapters 4 and 3; Peters ef al., 1992a), which is involved
in both the de-etiolation and the shade-avoidance responses.
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the facilities used in the supplementary daytime FR experiments; Mike Jackson, University of
Leicester, UK for valuable technical assistance in the supplementary daytime FR experiments; and
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CHAPTER 7

A high-resolution plant g
apparatus to study stem growth

Abstract. A custom-designed high-resol
controlled by a microcomputer is describy
& measuring arm, which is part of the displd
floating zero is mounted on a sledge fastene:
with a constant upward tension. A time interva
is adjusted and growth is registered via an increme
The measuring devices are mounted on a vibration-free table dnid it has its own climate-
control systern with photosynthetic lighting from above. The growth of a plant can be
followed over a period of several days. Data from individnal plants are saved, mean
growth rate calculated and smoothed. Results using tomato (Lycopersicon esculentum
Mill.) plants are presented. They demonstrate that the growth of a tomato plant has a
characteristic pattern during the daily light/dark cycle. The capability to accurately
measure growth is discussed in relationship to environmental factors, such as light
quality, temperature and pollution.

€ro

7.1 Introduction

The accurate measurement and prediction of plant growth is a problem that has
long intrigued biologists. Conventional growth studies using a ruler provide
valuable information about cumulative growth over long time periods. Depending
on the particular plant, measurements of growth parameters are usually taken at
a daily interval to obtain significant results. As a consequence detailed information
about the daily growth pattern and possible circadian rhythms in growth rate are
lost. Furthermore, touching the plants during measurement may lead to thigmo-
morphogenic phenomena, which result in an altered growth behaviour (Jaffe,
1976).

Plants are capable of responding rapidly to changes in environmental factors,
such as irradiance, light quality and temperature. In order to detect these rapid
responses in elongation growth, sensitive measuring methods have to be applied,
since growth rate changes will be at most a few micrometers per second. Several
short-term growth studies have revealed so called 'growth-rate transients’. Such
transients, while not making any significant contribution to the total elongation,
can provide information about the existing differences in kinetics of growth

This chapter is in press:
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responses (Cosgrove, 1981a; Gaba and Black, 1983; Kristic and Jolliffe, 1986;
Prat and Parésys, 1995).

Methods for the continuous measurement of plant growth have been used since
the time of the autographic auxanometers of Sachs (1874). Anderson and Kerr
(1943) and Wilson (1948) used anxanometers to monitor accurately the diurnal
fluctuations of growth in stem length. To obtain high-resolution measurements of
elongation changes new methods were developed, which enable accurate
continuous registration of growth of intact plants, such as the linear variable
differential transformers (LVDTs) used by Meijer (1968). Since then, displace-
ment transducers have frequently been applied to study rapid growth responses to
light and other environmental conditions (Penny et al., 1974; Cosgrove, 1981a;
Van Volkenburgh et al., 1983; Lechamny ef al., 1985; Child and Smith, 1987;
Shinkle and Jones, 1988; Prat and Parésys, 1989; Behringer et al., 1990; Bertram
and Karlsen, 1994a; Ruiz Fernandez and Wagner, 1994). Optical growth analysis
methods, which have the advantage of not making physical contact with the plant,
have been used: such as the interferometric measurement technique (Fox and
Puffer, 1976; Jiang and Staude, 1989), time-lapse photography (Hart et al., 1982;
Baskin et al., 1985) and video registration (Jaffe e al., 1985; MacDonald ef al.,
1987; Popescu et al., 1989).

We designed a growth-measuring apparatus using a custom-made detection
device with a mechanical coupling to the plant, controlled by a microcomputer to
study extension growth kinetics. The layout of the apparatus and the unit
conirolling the temperature, humidity and air-flow rate enables measurement
under very strict environmental conditions to minimize the variability in
magnitude of the measured responses. With this growth-measuring device it is
possible to measure plant growth at high resolution over many days. We have used
this experimental set-up to investigate the fundamental growth characteristics of
tomato plants.

7.2 Description of the growth-measuring apparatus

7.2.1 The growth-measuring apparatus

A schematic diagram of the custom-designed growth-measuring apparatus, is
shown in Figure 7.1. Two independent systems, with three measuring devices
each, enables six plants to be measured simultaneously. To reduce vibrations, the
three measuring devices are mounted on one vibration-free table, consisting of a
heavy steel plate which rests on air cushions (¢a. 132 kPa) and from which a
heavy (ca. 400 kg) base filled with grit is suspended. Each measuring device is
enclosed in a light-tight and thermally insulated chamber. The chambers can be
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A high-resolution plant growth-measuring apparatus

casily opened to set up an experiment; a sight-window in the removable lid
facilitates observation during the experiments without the necessity of opening the
chamber. This window can be closed to prevent incoming light. The chambers are
mechanically isolated from the vibration-free table with the measuring devices.
Humidified air circulates at a constant adjustable laminar flow rate through the
three interconnected chambers regulated by a climate-control unit. The total air-
volume is ca. 2 m* and the air-exchange can be regulated. To avoid undesirable
light reflections (and corrosion) all aluminium components are anodized and
painted black. The complete apparatus is enclosed in a temperature-controiled
room maintained at 25 + 1 °C.

7.2.2 The control unit

A single board microprocessor (ARCOM, based on ARC41, Z8 Basic/DEBUG;
Tekelec Airtronic, Zoetermeer, the Netherlands) controls the growth-measuring
apparatus (Fig. 7.2). A special program prompts the operator for the parameters
of the experiment, e.g. cycle time, number of channels to sample and irradiation
schedule. The cycle time is the time interval between two consecutive adjustments
of the measuring unit, i.e. the time between two growth measurements. The
microprocessor with real-time clock/calendar for control, measurement and data
logging is connected to a personal computer where further data-acquisition and
handling takes place.

7.2.3 The measuring unit

A schematic diagram of the measuring unit (‘translator') with an integrated flow
diagram is given in Figure 7.2. The measuring unit is mounted on a column
(Fig.7.1) with a motorized spindle (M12x3) and can be raised and lowered to
position it at the actual height of the plant (range 70 cm). The pot containing the
experimental plant is clamped to the base of the column. It is possible to place two
measuring units on one column to enable differential measurements.

The measuring unit consists of the following components: a cylindrical coil
direct current (DC) motor (GS1000PTS; Faulhaber, Schénaich, Germany) with a
tacho generator (ARIBO1; Mattke, Freiburg, Germany) combined with a pro-
portional integrating circuit, i.e. a four quadrant linear adjusting amplifier (MAR
9/03; Mattke), attached to a satellite reduction (1:10) gear (UE30CC; Faulhaber)
and an incremental encoder (UT100CC; Faulhaber), which are all fastened
sequentially to a precision spindle (M5x0.5), on which a sledge is mounted, by
high-quality roller bearings (RS 040-130-050; Fohrenbach, Unadingen, Germany).
The displacement-detection device (‘floating zero") is mounted on the sledge.

The incremental encoder counts the number of angular rotations of the motor
on the spindle. Inside the encoder are two metal discs with 500 equally spaced
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A high-resolution plant growth-measuring apparatus

Figure 7.1. Schematic diagram of the plant growth-measuring apparatus and part of the temperature-,
humidity- and air flow control unit. Only one of two independent systems is shown,

(A) Front view, with two chambers opened, showing the measuring devices with the experimental
plants (top right, shows on a larger scale the measuring device and measuring unit with the floating
zero connected to a plant). (B) Side view, showing the vibration-free table (hatched}, and the air flow
in and out the chambers.

(1) Climate-contro] unit, regulating the temperature and relative humidity of the air flow; (2)
adjustable circulation pump; (3) air-flow chamber; (4) removable hollow lid, with special filter for
uniform air flow; (5) sight-window, closed; (6) vibration-free table; (7} air cushions; (8) measuring
device; (9) experimental plant; (10) fibre-o;:tic light guides, held in position by adjustable clamps;
(11) watering system; (12) irradiation unit; {13} independent cooling system for the irradiation units;
(14) climate-control unit controller; {15) control unit and interface between ARCOM-personal
computer (not shown), and measuring units and facilities for irradiation; (16) contrel unit for the
motorized spindle of the measuring device; (17) custom-made projector assembly; (18) 0-250 W
adjustable power supply for (17); (19) measuring unit {translator); (20) floating zero.
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Figure 7.2. Flow diagram of the measuring unit (translator) with the floating zero. Only one of six
measuring units is shown.

{T) tacho generator; (M) DC motor; {(G) reduction gear; (E) encoder: (Z} floating zero; (S} precision
spindle with a sledge: (PIC) proportional integrating circuit; (R} relay; (ID/A) digital in- and output;
(C) counter; (ADC} analog-to-digital converter; (F) function generator; (A) amplifier; (PROCESSOR)
ARCOM microprocessor; (P) personal computer; (L1) white-light irradiation unit; (L2) supple-
mentary-light irradiation unit; (WS) watering system; (1) microphone (connected to F); (2) pick-up
element with arm (connected to A); (3) measuring-arm block; (4) adjustable gas-reduction spring,
connecting (2) and (3); (5) measuring arm with a loop of thread; (6) calibrated pull-spring; (7)
anodized aluminium base; (8) weight; (9) micropositioning device; (10), (11) micropositioning
controllers. Note: parts (8), (9), (10) and (11) are only in use to calibrate the floating zero.

apertures: one is stationary and one rotates with the motor. Two light-emitting
diodes (LEDs) are positioned on one side of the discs and two photodiodes on the
other. The light from the LEDs is transmitted only when the apertures of both
discs are lined up; during a complete revolution there will be 500 alternating light
and dark periods. The pitch of the microspindle is 0.5 mm, se each change in
diode-signal corresponds with a resolution + 1 pm. The apertures of the two
photodiodes are positioned so that a light period on one detector corresponds to
a dark period on the other. Both photodiodes produce a signal each time a light
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Figure 7.3. Detail of the attachment of the measuring arm from the floating zero to a tomato plant,
showing the adjustable loop of ligature thread connected to the youngest internode possible. The
fibre-optic light guides, held in position by adjustable clamps enable local irradiation to a growing
internode.

period has been detected. This results in two square wave signals from the encoder
to the counter, which are 90° out of phase. The information concerning the extent
and direction of the motor-movement is relayed to the microprocessor. The
assembly of the components described was carried out by Elmekanic, Hilversum,
the Netherlands.

7.2.4 The displacement-detection device ('floating zero')

The floating zero (Fig. 7.2) enables repeated indication of a presclected electrical
signal {equivalent to a position within a few nanometers) each time a measurement
is completed. The 10-cm long measuring arm from the floating zero is connected
to the plant by the youngest internode possible, via the hollow tip, with an
adjustable loop of ligature thread (Fig. 7.3). The ligature thread is impregnated
with silicon rubber to avoid abrasive damage to the stem. A constant upward
tension is maintained on the plant, which can be regulated with an adjustable
calibrated stainless steel pull spring (T-41030; Tevema-Barnes, Amsterdam, the
Netherlands) from (.5 to 5 g. A very small upward tension is possible when
bearings, transmissions and the pick-up signal amplifier of the floating zero are
tuned optimally. The rigid nature of the measuring arm essentially eliminates
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circumnnutational movements. Such movements can also be reduced by increasing
the length of the thread attached to the measuring arm. Each measuring device has
to be tuned separately because of differences in the individual components.

The sledge with the floating zero is mounted on a precision spindie with an
adjustment range of 40 mm. The DC motor raises or lowers the sledge. For safety
reasons two microswitches, directly connected to the motor supply, limit this
movement. The measuring arm is coupled with an adjustable gas-reduction spring
from a gaslighter (Bic-B3), to a pick-up element (MMC-4; Bang & Olufsen,
Struer, Denmark) with a part of the tangential arm (no. 3152378; Bang & Olufsen)
and a heavy-duty clock balance shaft mounted in sapphire bearings. A function
generator induces a 1.25-kHz vibration of a membrane (Melinex ICI 75 pm;
Snijunie BV, Enkhuizen, the Netherlands) mounted with an iron assembly cap to
a microphone (D58E; AKG, Vienna, Austria). The pick-up needle touches the
membrane and converts the vibration into an electrical signal between 0 and 1
mV. This AC signal is amplified and converted to 0-5 V DC and then converted
to a digital signal. The ARCOM microprocessor follows each measuring device
in sequence, activating the function generator and checking the level of the signal
from the floating zero. The flow diagram of the measuring unit is given in Figure
7.2. When the pre-set cycle time with a minimum value of 1 s is reached and the
signal is above a certain pre-selected threshold value, the microprocessor orders
the motor to move the floating zero upwards. The movement of the motor is
proportional to the signal generated from the floating zero. The pick-up signal
determines {via the adjusting amplifier and the reduction gear) the velocity of the
motor and therefore follows the growth of the plant proportionally. As a result, the
measuring arm is raised with the sledge and tilts due to the loop of thread attached
to the plant and the spring that adjusts the upward tension. The sapphire bearings,
the balance shaft and a friction-free transmission ensares the pick-up element
moves backwards, when the measuring arm moves downwards. The tension of the
needle on the membrane reduces so the induced signal decreases and due to the
feedback between motor and signal the motor stops when the signal decreases
beneath a threshold value. Simultanecusly the encoder keeps track of the
displacement of the floating zero. If the adjustment cannot be completed within
one cycle time a special code is stored, indicating this event, and the adjustment
continues in the next cycle. The DC motor and the tacho generator are dis-
connected vig a relay each time when a measurement is completed to prevent any
interference from possible electrical disturbance.

The growth-measuring apparatus can register growth with a resolution of 1 pm
during a variable time interval with a minimum of 1 s. This was demonstrated
under controlled conditions by attachment to a rigidly mounted micropositioning
device (data not shown) and with a rapidly growing etiolated cucumber seedling,
with a linear growth rate, in darkness. In the latter case, 90 % of the raw data
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measurements taken with a 1s cycle time fall within the range of + 1 um
{Adamse, 1988).

For long-term measurements it is necessary to simultaneously reposition the
floating zero downwards and the measuring unit upwards manually, when the
40 mm maximum growth has been reached. Depending on the growth of the
experimental plants, this was done on a daily basis.

7.2.5 Calibration procedure

A custom-built, manuaily-operated hydraulic micropositioning device is calibrated
by a micropositioning controller (EM25; Kroeplin, Schliichtern, Germany), on
which a weight (0.5 g) rests, which is connected to the measuring arm of the
floating zero (Fig. 7.2). This device is used to monitor the repositioning of the
floating zero and was itself calibrated by another micropositioning controller
(Magnescale LY-101; Sony, Tokyo, Japan). This procedure is also used to tune
each floating zero separately and to check the stability of the system.

7.2.6 Facilities for irradiation

White light is supplied by 16 fluorescent tubes (TLD18W/84; Philips, Eindhoven,
the Netherlands), which could be switched in groups to adjust the irradiance,
located in a custom-designed irradiation unit on top of the chambers (Fig. 7.1).
Maximum irradiation is 200 umol.m™.s™!, photosynthetically active radiation
(PAR). The irradiation units have their own cooling-system using cooled air at
12 °C. A diffusor-plate (Vink, Didam, the Netherlands) is mounted between the
irradiation unit and the chamber with the measuring device. Two small safelights
(Philips TL8W/33, wrapped with two layers of primary-green filter [Lee,
Flashlight Sales, Utrecht, the Netherlands]) are mounted in the irradiation units to
facilitate handling of plant material in the case of experiments with dark-grown
material.

Supplementary light is given vig fibre-optic light guides (1600 mm long, 4 mm
diameter; Schott, Ticl, the Netherlands} applied bi-directionally to a growing
internode (Fig. 7.3). A custom-made projector assembly fitted with a Philips
250/7748S EHS quartz-iodide projection lamp is used. The projector is equipped
with a heat-filter and a position for the insertion of an interference filter to obtain
the desired light quality, e.g. far-red, red or blue light. The fibers are held in
position by adjustable clamps to special arms either on the measuring unit to
follow the growing plant or at a fixed level using a stand mounted to the base of
the measuring device.

The irradiation schedule is programmed by the microprocessor, which auto-
matically switches the lights, both photosynthetic and supplementary, on and off
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after a preselected number of cycle times and registers this together with the other
data gathered at that specific cycle time.

7.2.7 Numerical data processing and graphical data presentation

The data stored in the buffer of the microprocessor are automatically collected on
a personal computer. After decoding, cach single raw data-file is analyzed and
checked with a uscr-defined strength parameter to facilitate detection and
exclusion of values that lie outside the normal physiological ranges. This value is
adjustable and very few data points are involved (typically < 1 % of the data points
collected), which we believe predominantly arise as a consequence of electrical
interference. The software generates a data-report for cach file. From the
processed data-sets basic statistics are calculated resulting in mean cumulative
growth and mean stem elongation rate (SER) for each cycle-time. Custom data
smoothing algorithms using the moving mean method have been applied. The
results are displayed on the terminal and printer and stored in a way that enables
the use of several commercially available graphical programs.

7.2.8 Experimental protocol

In the experiments described, the upward-tension of the adjustable spring in the
floating zero, was set to 0.8 g. A threshold value of 30 mV was used, to start/stop
the DC motor. The cycle-time was set to 30 s, which is sufficient to monitor the
growth with a high resolution in the case of white-light grown tomato plants. The
irradiation was 75 umol.m™.s™ (PAR) on plant level. The environmental con-
ditions, regulated by the climate-control unit were: temperature, 25.0 + 0.25 °C;
relative humidity, 70 £ 5 % and the laminar flow rate 0.2 m.s™.

7.2.9 Growth of plants

Tomato (Lycopersicon esculentum Mill. ) wild-type (WT, cv. MoneyMaker) plants
were grown in 16-h white light (WL, 75 pmol.m™s™ PAR)/8-h dark (D) cycles.
Before monitoring growth the plants were preconditioned under identical con-
ditions for at least 4-5 days in the growth-measuring apparatus. The age of the
plants at the first day of the measurements was either 18 or 19 days from sowing.
The measuring arm was connected to the youngest internode (number 3 or 4)
possible (Fig. 7.3).

Water given to the plants was controlled to maintain an optimal water supply.
The daily water consumption was empirically estimated and given to the plant in
equal portions threc times a day. We observed no detectable change in growth rate
associated with the time of water application. An automatic watering system is
currently being developed.
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7.3 Results and discussion
»

Many studies of the kinctics,o’f stem elongation have been carried out with light-
grown plants over relatively short time periods. Little is known about the long-
term kinetics of stem elongation. With the growth-measuring apparatus described
measurements over long periods can be carried out, with the precision and
resolution of short-term measurements. Figure 7.4A shows the stem extension
below the attachment point of an individual 18-day-old tomato plant during seven
conscecutive days using the growth-measuring apparatus. Figures 7.4B, 7.4C and
7.4D show progressive amplification of Fig. 7.4A, for intervals of 26 h, 4 h and
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Figure 7.4. Extension growth of an individual 18-day-old wild-type tomato plant (cv. MoneyMaker)
grown in a 16-h day WL (75 pmol.m2s™' PAR)/8-h D cycle (indicated by open and closed bars,
respectively). Each amplification is indicated in the preceding figure by a rectangle. (A) Data over
a 7-day period, day 1 = 18 days from sowing. (B) Amplified part of A (26 h period); (C) amplified
part of B (4 h); (D) amplified part of C (10 min), showing the individual 30-s data points.
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Stem elongation rate (mm h™)
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Figure 7.5. Mean stem extension growth rate of 21-day-old wild-type tomato plants {cv. Money-
Maker) grown in a 16-h WL {75 pmol.m ™5™ PARY8-h D cycle (indicated by open and closed bars,

respectively). (A) Mean data of 5 plants showing growth rate every 30 s. (B} 5-point running mean
through the data in A. {C) 25-point running mean through the data in A.

10 min, respectively. Figure 7.4D shows the individual 30-s data points.

Figure 7.5 shows the mean SER for 21-day-old tomato plants during a 16-h WL
(75 pmol.m™2.s™' PARY 8-h D cycle. Figure 7.5A shows the mean original values
for data derived from five plants, each point representing the mean SER of five
plants for a 30-s period. Figures 7.5B and 7.5C show the 5- and a 25-point running
mean of the original data, respectively. This pattern of growth rate changes have
been shown to be highly reproducible in other tomato genotypes (Chapter 8).

The experiments in Figures 7.4 and 7.5 clearly demonstrate the underlying
rhythm that is exhibited during growth of a tomato plant. This rhythm exhibits
peaks of growth early in the light period and the beginning of the night. The
slowest periods of growth are soon after the onset of the light, at the end of the
night and the middle of the day. The sharp transient increase and decrease in
growth rate at the beginning of the dark period and light period, probably reflect
transient changes in water availability for growth as a result of closure and
opening of stomata, respectively.
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Despite the limitation of the number of plants that can be measured
simultaneously, this equipment provides a powerful technigue to monitor detailed
growth kinetics over a long-term period of measurement, due to the fact that the
floating zero is coupled to the plant and is adjusted every cycle time maintaining
a constant upward tension during consecutive measurements. The necessary
mechanical coupling of the plant to the floating zero prevents this method and
others using transducers from being applied to motion not parallel to the stem axis.
Restrictions of this type do not occur for optical methods, however caution must
be exercised since modification of plant growth response by the infra-red
illumination, used with the infra-red sensitive camera for photobiological
experiments has been reported (Johnson et al., 1996).

The daily patterns in stem clongation rate of the internodes and the effects
resulting in transients can be analyzed very precisely with this growth-measuring
device. Such studies will provide information about the regulatory network of
processes that play a role in plant growth. From a physiological point of view the
characteristics of the apparatus allow many other uses: in the study of
photomorphogenesis we can quantify the effects on stem elongation of light
quality, light quantity and photoperiodicity. Thermomorphogenic effects, such as
effects of DIF (difference beiween day temperature and night temperature) on
stem elongation can also be measured. Effects of transport of assimilates and
water in the process of stem extension can also be studied. It is also possible to
study other environmental effects by introduction of controlled levels of pollutants
or enhanced levels of CO, via the climate-control unit.
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controlled bya rmcrocomputer has been Y
type and photomorphogenic-mutant tomal
and without end-of-day far-red light (E(
mutants were used: far-red insensitive (fri'):
temporarily red light-insensitive (¢r#): deficient in‘ph { (phyBI} and their
corresponding wild type (WT) cv. MoneyMaker; aurea (au): deficient in phytochrome
chromophore biosynthesis; high-pigment-1 (#p-1): exhibiting exaggerated phytochrome
responses and their near-isogenic WT cv. Ailsa Craig. The stem elongation rate (SER)
during a 24-h period of all the genotypes studied shows a similar pattern, having two
dramatic transients, one shortly after the onset of the light period (a sharp decline in
SER) and another shortly after the start of the dark period (a sharp increase in SER).
These transients are probably associated with water relations as a consequence of
opening and closure of the stomata. The fastest SER occurs during the dramatic
oscillations early in the dark period. Between the genotypes there are large quantitative
differences in SER. All the genotypes tested exhibited a strong EODFR response,
resulting in a relative promotion of SER during the first period after the start of EODFR
and in the subsequent light and dark periods. These results indicate that phyA, absent in
the fri’ mutant, does not play a major role in SER of light-grown tomaio plants. Whereas
phyB1, absent in the ## mutant, is partly responsible for the compact stature of WT
plants. An additional phytochrome other than phyA and phyB 1 must therefore be capable
of eliciting the EODFR response.

8.1 Introduction

Photomorphogenesis is the process by which light regulates processes involved
in aspects of plant growth and development by means of at least three classes of
photoreceptors: phytochromes which absorb predominantly in the red (R) and far-
red (FR) region of the spectrurn, blue light (B)/UV-A photoreceptor(s} and UV-B
photoreceptor(s) (Kendrick and Kronenberg, 1994). Of these photoreceptors the
phytochromes are the most extensively studied.

Phytochromes are encoded by a small gene family in all plant species so far
studied (Quail, 1994). Recently, the tomato (Lycopersicon esculentian Mill.)
phytochrome family has been partially characterized and to date five phytochrome

This chapter is in press:
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genes (PHY) have been identified: PHYA, PHYBI, PHYB2, PHYE and PHYF
(Hauser ef al., 1995). These genes encode the apoproteins PHYA, PHYBI,
PHYB2, PHYE and PHYF, which after assembly to the tetrapyrrole chromophore
result in the photoreversible holophytochromes phyA, phyB1, phyB2, phyE and
phyF, respectively. Studies of phytochrome mutants (both type-specific or
chromophore btosynthesis mutants) and mutants exhibiting exaggerated phyto-
chrome responses are useful in order to assign function(s) to the individual
members of the phytochrome family and understand the mechanism(s) of
phytochrome action (Kendrick and Nagatani, 1991; Kendrick et al., 1994),

One of the events mediated by phytochrome in light-grown plants is the shade-
avoidance syndrome resulting in a promotion of stem elongation in an attempt to
grow out of the shade or avoid the proximity of other plants. This complex
response results from the detectton of a decrease in the relative proportion of R to
FR by phytochrome and detection of reduced irradiance. One of the methods often
used to simulate the phytochrome involvement in this process in the laboratory is
to briefly irradiate plants with end-of-day far-red (EODFR) (Downs et al., 1957,
Kasperbauer, 1971).

Several studies of the kinetics of stem elongation have been carried out with
light-grown plants under laboratory (e.g. Lecharny and Jacques, 1980; Lecharny
and Wagner, 1984; Bertram and Lercari, 1996) and greenhouse conditions
(Bertram and Karlsen, 1994a; 1994b). For tomato and Chenopodium rubrum
endogenous circadian rhythms in SER have been observed (Assaad Ibrahim et al.,
1981; Lecharny and Wagner, 1984; Ruiz Fernandez and Wagner, 1994).

The aim of this study was to investigate stem extension growth kinetics of
several photomorphogenic mutants and the influence of EODFR irradiation on
them over several days using a very sensitive computerized custom-designed
growth-measuring apparatus.

8.2 Materials and methods

8.2.1 Plant material

Growth measurements were carried out in two series of experiments using
different sets of wild-type {WT) and photomorphogenic-mutant tomato (Lycoper-
sicon esculentum Mill.) plants.

Experimental series 1. Three genotypes in the genetic background MoneyMaker
(MM) were used: FR insensitive (fri'), deficient in phyA (Chapter 2); temporarily
red light-insensitive (¢ri’), deficient in phyB1 (Chapter 3) and the their corres-
ponding WT. Growth measurements were carried out every 30 s starting with
19-day-old plants connected by the youngest internode possible (internode number
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3 or 4). At this stage all the genotypes had the same number of internodes, but the
tri’ mutants were slightly taller than the fri’ mutants and the WTs.

Experimental series 2. Three genotypes of tomato in the genetic background
Ailsa Craig (AC) were used: aurea (au), deficient in biosynthesis of phytochrome
chromophore (Terry and Kendrick, 1996; Van Tuinen er al., 1996a); high-
pigment-1 (hp-1), exhibiting exaggerated phytochrome responses (Kendrick et al.,
1994) and their near-isogenic WT. Growth measurements were carried out every
60 s starting with 27-day-old plants connected by the youngest internode possible
(internode number 6 or 7). At this stage all the genotypes had the same number of
internodes, but the Ap-/ mutants were much more compact and the au mutants
were a little taller than the WTs.

8.2.2 Plant growth conditions

Plants were grown in a potting compost/sand mixture in 11-cm diameter pots
(Charme; Ypma, Zwanenburg, the Netherlands) in 16-h white light (WL;
75 umol.m™.s™!, photosynthetically active radiation [PAR))/8-h dark (D) cycles
with and without EODFR. The EODFR was given via fibre-optic light-guides,
applied bi-directionally for 10 min to a growing internode (1 or 2 internode(s)
below the internode connected to the growth meter), switched on directly when
WL was switched off under the control of the microcomputer.

The environmental conditions, regulated by the climate-control unit were
25.0 = 0.25 °C and relative humidity 70 + § %. Water given to the plants was
controlled to maintain an optimal water supply. The daily water consumption was
empirically estimated and given to the plant in equal portions three times a day via
a remote control.

Before monitoring growth the plants were preconditioned under identical
conditions for at least 4-5 days.

8.2.3 Growth-measuring apparatus

The study of extension growth was carried out with a custom-designed plant
growth-measuring apparatus, controlled by a microcomputer which allows long-
term and high resolution stem elongation measurements of three individual plants
simultaneously under controlled environmental conditions (Chapter 7).

Briefly, the plant is connected by the youngest internode possible via a ligature
thread to a 10-cm long measuring arm, with a constant upward tension of 0.8 g.
The measuring arm is part of the displacement detection device ('floating zero")
which is mounted on a sledge fastened to a precision spindle. A time-interval (30 s
for experimental series 1 and 60 s for experimental series 2) is set at which the
floating zero is adjusted and growth is registered vig an incremental encoder with
a resolution of 1 pm. Continuous measurements of growth can be monitored over
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several days, by repositioning the floating zero and the measuring unit when
necessary. In the experiments described we measured three plants simultaneously.
A microprocessor collects all data and passes it to a PC for further calculations,
statistical analysis and graphical presentations of the results.

8.2.4 Light sources and light measurements

The WL was obtained from Philips TLD18W/84 fluorescent tubes. The FR was
obtained from Philips 250/77488 EHS quartz-iodide projection lamps, using
interference filters (peak transmission at 739 nm; bandwidth at 50 % of the trans-
mission maximum 12 nm; Schott, Mainz, Germany) and irradiance (ca.
90 umol.m 2.5 per light guide)} for 10 min was sufficient to establish a @-value
of 0.02 in the irradiated internode. Where @ is the proportion of the total phyto-
chrome molecules present as Pir at photoequilibrium.

Fluence rates and spectral distributions of the light sources were recorded using
a calibrated LI-1800 spectroradiometer (Li-Cor, Lincoln, NE, USA). The cosine-
corrected remote probe (1800-11; Li-Cor) was placed horizontally at plant height
for measurement of the WL irradiance. For measuring the FR the light-guide was
placed 1 cm above the probe.

8.2.5 Presentation of the results

The mean value was obtained from five plants (experimental serics 1) or three
plants (experimental series 2) per genotype, measured individually over more than
four days. A 5-point running mean was applied to give a clear indication of the
underlying growth rate. Note: the first 24 h period of the experiment is designated
by day 0; The EODFR treatment (followed over three 24-h periods) starts at the
beginning of the night period of day 1.

8.3 Results and discussion

The extension growth of the WT (MM) and fri’ and 1 mutants (experimental
series 1; Figs. 8.1-8.3) and the WT (AC) and the au and Ap-7 mutants (experimen-
tal series 2; Figs. 8.4-8.5) all showed a similar general pattern. The EODFR
treatment gave a significant promotion of growth during the first D period, which
is sustained in the subsequent light and D periods and was similar for all
genotypes studied. The stem extension kinetics for the WT and fri' mutant were
remarkably similar in control WL/D ¢ycles. The EODFR treatment resulted in an
equal increase in elongation growth in WT and fri’. Between au, tri’ and hp-1
mutants there were only quantitative differences in the increase in stem length
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Figure 8.1. Increase in stem length of WT (MM), and derived fri’ and ¢’ mutant tomato plants
(experitnental series 1; 5 replicates). Plants were grown in a 16-h WL (75 umol.m 25~ PAR)/8-h D
cycle. After 20 days from sowing, plants were either submitted to an immediate 8-h D (- EODFR)
period or given a 10-min FR (as indicated) before the D period (+ EODFR), starting at the beginning
of the D period of day 1. Increase in stem length was followed cumulatively (every 30 s) over 4 days,
starting one day before the EODFR treatment {= day 0). Note: The WT (MM) and fri’ mutant are
almost indistinguishable under both treatments.

compared to their corresponding WTs in both treatments, despite the fact that the
genotypes in experimental series 2 were eight days older than those in experimen-
tal series 1. All genotypes studied exhibited the so called "persistent effect' of Pfr
removal at the end of the light period, despite the fact that the same phytochrome
photoequilibrium was rapidly established in both EODFR and control plants at the
beginning of the photoperiod: the EODFR treated plants continued to grow at a
faster rate than the control during the main photoperiod (Casal and Smith, 1988;
Casal and Kendrick, 1993).

The SER of the WT (MM), fri’ and #ri’ genotypes (experimental series 1; Fig.
8.2) and of the WT (AC), au and hp-1 genotypes (experimental series 2; Fig. 8.5),
during the third 24-h period (day 2), had similar kinetic patterns. The SER of WT
(AC) in experimental series 2 was slightly greater than WT (MM) most likely due
to the 8-day difference in age. In general the SER for both WTs, exhibited the
following characteristics: after the start of the D period a transient increase in SER
occurred, which set in motion a oscillatory pattern, which gradually damped out
with an underlying gradual increase in SER showing a maximum after approxi-
mately 2 h. A gradual decrease in SER occurred reaching a stationary level after
approximately 4 h. During the dramatic oscillations at the beginning of the
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Figure 8.3. Stem elongation rate in detail, using a 5-point running mean, of tomato WT (MM} on
day 1-2 during the dramatic transients, one shortly after the start of the dark peried (panels A and C),
one shortly after the onset of the light (panels B and D) in the — EODFR (panels A and B) and
+ EODFR (panels C and D) treatments (experimental series 1, measured every 30 s; 5 replicates). The
dark and light periods are indicated by closed and open bars, respectively.

D period the fastest growth rates were observed. After the onset of the light a
transient decrease in SER occurred, reaching almost zero, which set in motion an
oscillatory pattern, which gradually damped out with an underlying gradual
increase in SER showing a maximum after approximately 2 h. The SER gradually
decreased during the day, having a minimum after 8-9 h, and then gradually
increased towards the end of the light period. The fri’ and tr#° (Fig. 8.2) and Ap-1
(Fig. 8.5) mutants exhibited a similar WT pattern of SER. The au mutant had a
different growth pattern, showing no gradual decrease in SER during the D period
and almost no gradual increase in SER towards the end of the light period (Fig.
8.5). Despite both au and tri’ having an elongated phenotype, the underlying
growth pattern differed significantly. The mean SER during the night period was
slightly higher than that of the light period for all genotypes studied.

Figure 8.3 shows the two dramatic transients for WT (MM), one shortly after
the start of the D period (ca. 9 min), showing a sharp increase in growth rate and
one shortly after the onset of the light (ca. 8 min), showing a sharp decline in
growth rate to zero for several minutes. The transients at the start of the D period
were similar with and without EODFR (Fig. 8.3). The transients are possibly
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Figure 8.4. Increase in stem length of WT (AC), and derived au and #Ap-7 mutant tomato plants
{experimental series 2; 3 replicates). Plants were grown in 2 16-h WL (75 pmel.m™.s5™' PARY8-h D
cycle. After 28 days from sowing, plants were either submitted to an immediate 8-h D (— EODFR)
period or given a 10-min FR (as indicated) before the D period (+ EODFR), starting at the beginning
of the D period of day 1. Increase in stem length was followed cumulatively (every 60 s) over 4 days,
starting one day before the EODFR treatment (= day 0).

associated with water relations as a consequence of opening and closure of the
stomata. Stomata opening is regulated by a B photoreceptor (Zeiger, 1994). The
transient oscillations in growth have been observed for seedlings exposed to B and
these were presumably a consequence of variations in the rate of cell elongation
(Cosgrove, 1981b; Kristic and Jolliffe, 1986). The described pattern: a direct
decrease in SER when light was switched on, followed by an increase within
minutes, and an opposite pattern immediately when light was switched off, has
been observed in other species, ¢.g. for wheat leaves (Christ, 1978), lemons
{Bartholomew, 1926} and potato (Schnieders et al., 1988).

The au mutant is a leaky' chromophore mutant (Terry and Kendrick, 1996) and
had a high growth rate (Fig. 8.5; 125 and 145 9% compared to the WT (AC) in the
D and light periods, respectively) consistent with deficiency in Pfr. The light
hypersensitive Ap-/ mutant had a very strong phenotype in WL and had a
relatively reduced growth rate (Fig. 8.5; 32 and 36 % compared to the WT (AC)
in the D and light periods, respectively). However, both mutants exhibited a
normal EODFR response (Lépez-Juez ef al., 1990, Peters et al., 1992b, Casal and
Kendrick, 1993). The phyA-deficient fri’ mutant exhibited almost an identical
growth rate compared to the WT (MM) (Fig. 8.2; 102 and 97 % in the D and light
periods, respectively), whereas the phyB1-deficient tri’ mutant maintained a high
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growth rate (Fig. 8.2; 194 and 161 % compared to the WT (MM) in the D and
light periods, respectively).

In these experiments all the genotypes showed a clear EODFR response (Figs.
8.1 and 8.4). During the subsequent second night and day the relative increase in
SER as a result of EODFR was similar during the light and D periods (Table 8.1).
Supplementary daytime FR resulted in a qualitatively similar increase in plant
height in both the au and Ap-I mutants (Whitelam and Smith, 1991; Chapter 6).
Such results indicated that phytochrome is present and functional in light-grown
au plants, whereas at the de-etiolation stage phytochrome responses were very
severely reduced (Kendrick et al., 1994). The reduced growth rate of the Ap-/
mutant (about one third of the WT control) clearly showed that the Ap-1 mutation
results in a dwarf phenotype. Since this is opposite to the phenotype associated
with phytochrome deficiency, it is consistent with the hypothesis that the hp-1
mutation results in an exaggerated response to Pfr (Kendrick et al., 1994).

In these experiments under relatively low light levels, phyA played a minor role
in stem elongation growth in light-grown plants, but phyB1 clearly played a role
in this process. At higher light levels perhaps other phytochromes were capable
of saturating the stem elongation response. Therefore the phyB1 deficiency in the
tri’ mutant was most exaggerated under low light levels. The au mutant exhibited
an intermediate response. This would be consistent with it having a deficiency in
chromophore biosynthesis which depleted the phytochromes available, including
phyB1. However the au and ¢ mutants exhibited a normal EODFR response, in
contrast to phyB-deficient mutants described so far in other species: Arabidopsis
(Reed et al., 1993), cucumber (Adamse ef al., 1987; Lépez-Juez et al., 1992) and
Brassica (Devlin et al., 1992). Since phyB1 and phyB2 are closely related (Pratt
et al., 1995), we hypothesize that they are both able to regulate the EODFR
response in tomato. Such a redundancy could explain why no constitutively tall
phytochrome mutants have been selected in tomato. Mutagenesis of a frf,fri double

Table 8.1. Summary of % increase in SER, relative to the control (WL), as a result of EODFR
treatment (WL + EODFR) during the second night and day following the start of the treatment (data
derived from Figs. 8.2 and 8.5).

% increase in SER

Genotype

Night Day
WT (MM) 27 25
frit 32 23
tri® 34 45
WT (AC) 44 30
au 29 32
hp-1 14 10
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mutant, which itself has only a mild elongated phenotype similar to the monogenic
tri mutants, should enable selection of tall mutants (putants) deficient in the
residual phytochrome (phyB2), proposed to be capable of regulating the EODFR
response.
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CHAPTER 9

(General discussion

9.1 Evolution of phytochrome

The natural light environment is
signals to which plant development
at virtually every stage of a plant's life
The light-dependent development of plant
three classes of photoreceptor systems, ¢
spectrum. The red light (R)/far-red light (FR)-4
characterized photoreceptors in plants and are encoded by a miultigene farmly In
Arabidopsis the complete PHY gene family has been described and consist of five
members (Sharrock and Quail, 1989; Clack et al., 1994). In tomato, five PHYs has
been described (Hauser et al., 1995, Pratt, 1995). The relationships among these
five tomato PHYs, the five Arabidopsis PHYs and other selected representatives
of this family in other species are represented as a phylogenetic tree derived from
their sequences in Figure 9.1. This tree is based on the assamption that present day

Arabidopsis C . .
Arabidopsis D

Sorghum C

Arabidopsis A \‘. > Tomato B2
" = - -Arabidopsis E
Tobacco A
\ ™ omato ]
Potato A g R Ipomoea E

Rice A

Sorghum A Physcomitrella Arabidopsis E

Ipomoea E

Figure 9.1. Phylogenetic tree illustrating the relationships among various PHYs, including those from
tomato. Deduced amino acids from the first three exons (1130 residues in the aligned sequences) were
used to construct this tree with PHYLIP. This neighbour-joining tree was obtained with PROTDIST,
NEIGHBOR and DRAWTREE. Branch lengths are proportional to the extent of sequence divergence.
All nodes have bootstrap values of 100 except for the three indicated. the arrowhead indicates the
presumed node from which all present-day angiosperm derive. Because only limited sequence data
is available for tomato PHYE, the branch including this PHY (- — -) was calculated by an identical
analysis limited to 103 residues (ILHRI through HYPAT) and superimposed on the larger tree. After
Pratt et al., (in press).
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angiosperm PHYs arose as a consequence of gene duplications and sequence
divergence from a progenitor phytochrome, pre-existing the angiosperms,
represented by the moss Physcomitrella (indicated by an arrowhead), While two
B-type PHYs have been described for both Arabidopsis (PHYB and PHYD) and
tomato (PHYBI and PHYB?Z), it has not been possible to determine, for example,
whether Arabidopsis PHYB is orthologous to tomato PHYBI or PHYB2 (Pratt et
al., 1995). It appears that a progenitor PHYB duplicated independently in two
lineages leading to the PHYs in the present-day Crucifereac and Brassicaceae (Fig.
9.1). Tomato PHYF is most closely related to Arabidopsis PHYC, although it has
been considered as a member of a novel subfamily because of the extensive
divergence between the two genes, about the same distance as that between
Arabidopsis PHYB and PHYE. Assuming that all present PHY originate from a
single progenitor gene, it might be predicted that this progenitor arose in the
cyanobacteria. This prediction arises largely from the remarkably similar
structures of phytochromobilin, the phytochrome chromophore, and phycocyanin,
the chromophore of cyanobacterial phycobiliproteins (Siegelman et al., 1966;
Riidiger and Thiimmler, 1994). However, although no evidence for such a
progenitor in the cyanobacteria has yet been published (Pratt, 1995), phytochrome-
related sequences have been recently found (Kehoe and Grossman, 1996). A large
number of angiosperm and non-angiosperm PHY partial sequences have been
described by Mathews et al. (1995) and Kolukisaoglu e/ al. (1995), which can be
summarized as follows: (i) a gene duplication is thought to have occurred prior to
the formation of gymnosperms, giving rise to the progenitors of the PHY(A/C/F)
and PHY(B/E) subfamilies; (ii) both these subfamilies underwent a second
duplication, giving rise to PHYA and PHY(C/F); the PHYB and PHYE subfami-
lies; (iii) the present PHYC and PHYF subfamilies would then have resulted from
a duplication of the PHY(C/F) progenitor (Pratt, 1995). In addition to these
relatively ancient PHY duplications, there is growing evidence that more recent
duplications have occurred in both the PHYA and PHYB subfamilies. Duplications
leading to truncated pseudogenes have been reported in pea (Sato, 1990) and
maize (Chistensen and Quail, 1989).

9.2 Photoreceptor mutants

Mutants modified with respect to specific phytochrome types are extremely useful
tools which enable the function(s) to be assigned to each individual phytochrome.
We have isolated mutants in tomato at two loci which result in plants that are; (i)
completely blind to FR (fri) at the de-etiolation stage which have been shown to
be phyA mutants and which have a normal wild-type (WT) phenotype in white
light (WL) (Chapter 2). Recently, the fri mutation has been shown to be a
mucleotide substitution of an adenine (A) for a thymine (T) at the 3" junction of the
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intron between exons 1 and 2 in the PHYA gene, which leads in most instances to
a failure to remove this intron during mRNA maturation (Lazarova et al., 1996),
consistent with the Northern-blot data (Chapter 2); (ii) temporarily R insensitive
(tri) upon transfer from dark(ness) (D) which have been shown to be (putative)
phyB1 mutants on the basis of immunology, mRNA studies (Chapter 3) and
mapping data (Van Tuinen et al., 1996b). The WL-grown plants of the fri mutant
are only slightly taller than the WT, and the fri,tri double mutant has been
constructed which is phenotypically similar to the monogenic ##i mutant. This
demonstrates that phyA plays, at best, a minor role in determining the stature of
WL-grown tomato plants: the residual photoreceptors other than phyA and phyB1
sustaining a relatively normal photomorphogenesis. In other words, this indicates
that there is redundancy between the different photoreceptors. Measurements of
growth at lower light levels reveals that the fri mutant is much more clongated
than the corresponding WT indicating that the phytochromes involved in the
regulation of plant height are only completely redundant at high light levels
(Chapter 8). Unlike phyB mutants isolated in other species, the ¢ri mutant of
tomato retains a strong response to end-of-day FR (EODFR) and vegetational
shade (Chapters 6 and 8). This indicates that the phytochrome family members
which play a dominant role in the light phenotype (architecture) are different in
different species. We hypothesize that this is attained predominantly by the second
B-type phytochrome in tomato (phyB2) (Kendrick et al., 1994; Pratt et al., 1995).
It should be noted, however, that the apparent insensitivity to supplementary
daytime FR and EODFR on flowering of the Ay3 (phyB) mutants in Arabidopsis
is not found when they are studied in a more extreme genetic background
(Halliday et al., 1994; Bagnall et al., 1995; Devlin et al., 1996), which has also
been explained by the proposal of the action of other light-stable phytochromes.

Thus, while both phyA and phyB1 mediate at least in part the same response,
inhibition of hypocotyl clongation, they do so in response to different parameters
of the light environment. However, phyA and phyB could function through
different transduction chains before converging to result in the same terminal
response. In Arabidopsis, seed germination is promoted by phyB via a low fluence
response (LFR) (Botto et al., 1995) and by phyA via a very low fluence response
(VLFR) (Shinomura et al., 1994; 1996; Botio et al., 1996; Furuya and Schiifer,
1996). Recently, Shinomura et al. (1996) established that the phyA response is 10*
times more photosensitive than the phyB response for the induction of germina-
tion, which strengthened the possibility that phyA and phyB act through different
mechanisms. The VLFR has been proposed to be mediated by Pfr,Pr heterodimers
(VanDerWoude, 1985; Furuya and Schifer, 1996). It seems reasonably safe to
conclude that individual phytochromes have specialized photosensory functions
independent of each other, both in terms of what they sense and, at least in part,
the responses they mediate (Quail ez al., 1995). In addition, other phytochromes
must play important roles in photomorphogenesis of tomato. This is based on the
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observations (i) that the fri,zri double mutant (deficient in phyA and phyB1)
differs little from WT when grown in WL/D cycles (Kendrick ef al., 1994); (ii) the
fri,tri double mutant has normal fruit development and ripening characteristics.
Both these observations imply phytochromes other than phyA and phyB1 have
physiological functions. The preferential expression of PHYB2 and PHYF in
ripening fruits, leads to the suggestion that one or both of the phytochromes
encoded by these genes is or are responsible for the photocontrol of fruit
maturation (Hauser er al., in press). Moreover each of the five characterized
tomato PHY's exhibits a unique pattern of expression both temporally and spatiaily
(Hauser et al., in press), even the closely related PHYBI and PHYB?2 (Pratt ef al.,
1995), suggesting unique roles for these encoded phytochromes.

The exact functions of the phytochromes, other than phyA and phyB, still
remains unclear. If these proteins have a similar function to phyB, but expressed
at lower levels, then this would explain the leakiness that has sometimes been
reported for phyB mutants. It will be difficult to find mutants of these genes,
unless these phytochromes have specific functions. Recently, it was established
that the Wassilewskija (W's) ecotype of Arabidopsis is a natural phyD mutant, having
a 14-bp deletion that results in a premature stop codon, thereby yielding in what is
most likely a null mutant (Sharrock, 1996). Initial data suggest that phyD appears to
have phenotypic effects similar to those of phyB. Whether these two phytochromes
have independent functions, as the inability of phyD to substitute fully for phyB
would indicate (Koornneef and Kendrick, 1994), or whether the phenotype of the
phyB mutants results from a 'dosage effect’, remains to be determined.

Starting with the phyA,phyB1-deficient fri,tri double mutant, screening for
mutants in additional photoreceptors has been initiated (M. Koornneef and R.E.
Kendrick, pers. comm.}. During the last two years about 4000 y-mutagenized M,
fri,tri double-mutant plants have been grown, 50 % of which proved to be sterile.
Seed has been collected from the remaining individual plants, as well as leaf
material for extraction of DNA. This has produced a valuable resource for
selection strategies for many different types of mutants. The use of y irradiation
as a mutagen often leads to deletions which facilitate the analysis of mutants
(hopefully nulls) at the molecular level. A reliable screening ffrocedure at the
DNA level is feasible, and utilizing the already available probes and PCR primers
specific for known phytochromes and B photoreceptors which are either available
or soon will be, it will be possible to detect deletions within the photoreceptor
genes for which we have, as yet, no defined function. Screening of M, plants for
tall seedlings under WL has resulted in 8 novel mutants of this type so far, along
with a number of dwarfs. Although allelism tests have not yet been performed for
all the new mutants, preliminary data suggest they represent at least 5 different
loci. These mutants can be considered as suppressors and enhancers of the fri,fri
phenotype. These provisional results support our hypothesis for genetic redun-
dancy between photoreceptors in photomorphogenesis, since in all previous
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screens in the WT background no such tall phenotypes have been picked up. In
addition, transposon tagging is a feasible alternative approach in tomato. As an
example, when a transposable element has been mapped close to the PHY gene of
interest, it is possible to activate the transposable element and hope that it jumps
into the PHY gene resulting in its inactivation. Now the PHY genes in tomato are
cloned, gene silencing techniques (antisense and co-suppression} can be used to
investigate functions of each phytochrome family member, To confirm any putants
isolated by these different approaches, are deficient in a particular phytochrome
antibodies which are specific for each of the different members of the phyto-
chrome gene family will be required.

There is evidence for a strong co-action/interaction between the B photorecep-
tor(s) and phytochrome in tomato. We have already demonstrated that in the case
of anthocyanin biosynthesis the f#i, 777 double mutant is essentially blind in the R
and FR region of the spectrum but retains a strong residual response to B (Chapter
4). Such a response is amenable for rapid screening of seedlings for new B
photoreceptor and signal ransduction-chain mutants. In addition, mutants selected
for long hypocotyls in B have already been isolated following EMS mutagenesis
of WT, and they await detailed analysis. One such mutant, isolation no, Z3-78 (A.
van Tuinen and M. Koornneef, pers. comm.} has almost no phenotype in WL, but
when combined as a double mutant with the phyB1-deficient t+i mutation results
in a plant which is extremely tall in WL. No differences in phyA polypeptide
(PHYA) and phyB-like polypeptide (PHYB) compared to WT were observed in
extracts of etiolated seedlings of Z3-78 (data not shown). It is obvious that other
alleles at the Z3-78 locus should be picked up in our mutagenesis screens starting
with the fri,¢ri double mutant under WL. The CRY! and CRY2 genes which
encode B photoreceptors involved in hypocotyl growth and anthocyanin
biosynthesis have been cloned from Arabidopsis and have been shown to encode
a photolyase-like protein which has pterin and flavin chromophores (Ahmad and
Cashmore, 1993; 1996, Batschauer, 1996). Recently the CRY! homologue in
tomato has been cloned (G. Guiliano, pers. comm.). In addition, the putative
B/UV-A photoreceptor mutants for the phototropic photoreceptor (nphl) should
soon be cloned (Liscum and Briggs, 1995).

9.3 Phytochrome signal transduction

Mutants with deficiencies in phytochrome signal transduction would to be very
helpful in elucidating the mechanisms of phytochrome action. One group of loss-
of-function mutants have some aspects of the phenotype of light-grown plants
when grown in the D. Amongst these are COP, DET and FUS loci of Arabidopsis
(Chory, 1993; Deng, 1994; Miséra et al., 1994) which are involved in suppressing
photomorphogenic development in I (Kwok et al., 1996). Consistent with a wide-
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spread evelution of COP/DET/FUS-like functions, a /ip mutant in pea has been
described (Frances er al., 1992). On the basis of the recessive nature of these
mutations and their pleiotropic phenotype, it has been proposed that the
photomorphogenic pathway constitutes the default ronte of development, whereas
the etiolation pathway is an relatively recent evolutionary adaptation pioneered by
the angiosperms to exhibit etiolation in D (Wei et al., 1994b; Von Amim and
Deng, 1996). However, for certain light-regulated processes the pieiotropic
COP/DET/FUS loci are not required, because some mutants of these loci seem to
retain normal phytochrome control of seed germination (Deng et al., 1991; Wei
et al., 1994b; Kwok ef al., 1996). It seems that one of the first functions of the
phytochrome signalling cascade may be to de-repress light-regulated development
by inactivating such master repressors as the COP/DET/FUS proteins. Although
an equivalent was found in pea (Frances ef al., 1992), no similar phenotypes were
found in tomato in D screens following ethyl methane sulphonate (EMS)
mutagenesis (A. van Tuinen and M. Koornneef, pers. comm.). Recently, the
Arabidopsis COPI homologous genes have been cloned and are being character-
ized in rice, spinach and tomato (Frances et al., 1996; Tsuge et al., 1996).

The HD (homeodomain) proteins encoded by HB (homeobox) genes are
important in regulating developmental processes in animals, and have recently
also been found in plants. These HD proteins bind specific DNA sequences and
regulate transcription of their target genes. The Arabidopsis thaliana homeobox
(ATHB) genes encode proteins, which contain the leucine zipper dimerization
motif (Zip) (Sessa et al., 1993). Two members of the HD-Zip family (ATHB-2 and
ATHB-4) show a strong, rapid increase in their mRNA abundance when treated
with FR (Carabelli et al., 1993) indicating that light quality (changes in R:FR
ratio) rather than light-dark transition regulates the expression of these genes.
These changes normally occur at dawn and dusk, and also during the day under
the canopy (shade avoidance). Recently, it was demonstrated that a phytochrome
other than A and B plays a role in the expression of ATHB-2 (Carabelli et al.,
1996). This rapid change could be a reflection of a component of the signal
transduction chain involved in the shade-avoidance response which includes the
rapid cessation of anthocyanin biosynthesis in the young growing leaves (Chapter
6). It is likely that these two HB genes, ATHB-2 and ATHB-4 (Carabelli et al.,
1993} and one other light-induced HB gene (ATHI), which was derepressed in D-
grown copl and det! mutants (Quaedvlieg et al., 1995), may act as downstream
effectors of the COP/DET/FUS proteins (Von Arnim and Deng, 1996).

Light signals and plant hormones control an overlapping set of processes in
seedling growth and development. Both light and gibberellins control hypocotyl
elongation (Rood et al., 1990; Beall et al., 1991; Foster et al., 1994; Weller et al,
1994; Lépez-Juez et al., 1995; Reed et al., 1996; Sponsel ef al., 1996). Also
auxins have been implicated in mediating phytochrome responses (Law and
Davies, 1990; Jones et al., 1991; Behringer and Davies, 1992; Kraepiel et al.,
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1995). External stimuli can induce some aspects of photomorphogenesis in D.
Chory et al. (1994) reported that cytokinins, when applied to D-germinated
Arabidopsis, enabled the WT seedlings to display some phenotypic features of
det] mutants. However, endogenous cytokinin levels in D and light-grown
seedlings and in det] and det2 mutants were not consistent with the notion that
light signals are transmitted simply by a change in cytokinin concentration.
Furthermore an additive and probably independent co-action of cytokinin and light
has been demonstrated for the control of hypocotyl elongation (Su and Howell,
1995). Recently Li er al. (1996) established that the Arabidopsis DET2 gene
encodes a reductase in the brassinolide biosynthetic pathway. It scems that this
distinct new class of phytohormones has an important role in light-regulated
development in higher plants (Szekeres et al., 1996).

The cascade of events following the amplification of the perceived signal is still
a black box and is largely undefined (Bowler and Chua, 1994; Millar et al., 1994;
Chamovitz and Deng, 1996; Chapter 1). However, numerous reports have sug-
gested an involvement of phosphorylation in phytechrome responses and that
kinases and phosphatases are important in various steps of the signal transduction
pathway leading from light perception to photomorphogenesis. There are
indications that phytochrome itself functions as a kinase (Wong and Lagarias,
1989; Wong et al., 1989; Roux, 1994; Lagarias er al., 1996). It appears that
phytochrome from the moss Ceratodon possesses kinase activity in a fused 300-
amino acid C-terminal domain (Thilmmler ez al., 1992; Algarra et al., 1993). So
far, no higher plant PHYs have been found that encode such protein kinase
fusions, but the possibility that the kinase domain became separated from
phytochrome during evolution is appealing. If so, it is possible that each of the
various phytochromes has its own associated kinase, which is selectively activated
by light. Such an organization would clearly facilitate the ability of each
phytochrome to act independently in regulating photomeorphogenesis {Vierstra,
1993). However, despite the detection of protein kinase activity that co-purifies
with phyA (Kim er al., 1989; Grimm et al., 1989), conclusive evidence that
phytochrome has intrinsic protein kinase activity is still awaited. There is also
extensive evidence that Ca** (Bossen, 1990; Tretyn et al., 1991; Shacklock et al.,
1992) and heterotrimeric G-proteins (Romero er al., 1991; Romero and Lam,
1993; Kaufman, 1994) are invoived in phytochrome responses.

A model combining several classic signalling molecules, such as heterctrimeric
G-proteins, Ca*, and ¢cGMP in a phytochrome signal transduction cascade has
emerged from a series of novel single-cell micro-injection studies in the hypocotyl
cells of the tomato au mutant (Neuhaus ef al., 1993; Bowler et al., 1994a; 1994b).
Chloroplast development, anthocyanin accumulation and expression of a
photoregulated CAB—[j-glucuronidase (GUS) reporter gene were monitored after
injection of purified oat phyA in combination with inhibitors, activators, and
putative signalling compounds. This has led to a model, in which PHYA
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photoconversion leads to activation of a heterotrimeric G-protein(s) in a cell
autonomous way (restricted to the injected cell). This in turn activates three
subsequent pathways: (i) a cGMP pathway, leading to anthocyanin accumulation;
(ii) a Ca** dependent pathway acting via calmodulin, resulting in the biogenesis
of chloroplasts; (iii) a Ca**-calmodulin/cGMP pathway, leading to fully mature
chloroplasts (Neuhaus ef al., 1993; Bowler ef al., 1994a; 1994b; see Fig. 1.2).
Since G-protein activation is the earliest event in the proposed pathway,
heterotrimeric G-proteins remain likely to be close to or part of a hypothetical
phytochrome receptor. A number of G-protein genes have been cloned in
Arabidopsis, maize and tomato (e.g. Ma et al., 1990; 1991; Weiss et al., 1994;
Redhead and Palme, 1996). Many G-proteins are membrane-associated and
coupled to transmembrane receptors (Chang er al., 1993; Neer, 1995; Millner and
Causier, 1996), suggesting the requirement for additional components to couple
the relatively hydrophilic phytochrome molecule or its signal upon photo-
conversion to the G-protein (Elich and Chory, 1994). The aforementioned micro-
injection studies of Neuhaus et al. (1993) and Bowler et al. (1994a; 1994b)
provide an important contribution in the elucidation of the phytochrome-signalling
pathways. However, due to the leaky nature of the au mutation (Terry and
Kendrick, 1996; Van Tuinen et al., 1996a), it is difficult to determine the direct
effect of the micro-injected non-native phyA from its interaction with residual
native phyB1 in the process of anthocyanin accumulation. Another puzzling result
is the fact that micro-injected phyA elicited the anthocyanin response in epidermal
cells (Neuhaus er al., 1993), which in the WT is a response restricted to the
subepidermal layer. Therefore one must be careful about extending conclusions
from non-natural responses to the mechanisms of endogenous phytochrome
signalling pathways. Additional studies using phyB1 would be of great interest,
because phyBl is responsible for a significant proportion of anthocyanin
biosynthesis occurring in seedlings in R (Chapter 4). Recently, Kunkel er al.
{1996) failed to induce anthocyanin biosynthesis by micro-injection of phyB in the
au mutant, although it did induce chloroplast development. This raises the
question as to why this is the case, when in the present work it is shown that
phyBl plays an important role in anthocyanin biosynthesis. One possible
explanation is that excitation of additional phytochromes, which are also deficient
in the au mutant, are required for the anthocyanin response.

In addition, it is clear that many plant growth and developmental processes that
are regulated by phytochrome are also influenced by other factors such as
environmental conditions, stress, hormones, etc. It seems likely that signalling
components like Ca**, cGMP, and G-proteins will be involved in numerous
pathways in plants as they are in animals, which emphasize that caution should be
taken in analyzing responses by pharmacological approaches (Elich and Chory,
1994). However, micro-injection of phyA and phyB into the fri,fri double mutant
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would be very helpful in further understanding the nature of the interaction
between these two phytochrome species in tomato.

Another approach to understand the function of phytochrome is to investigate
the structure of the phytochrome molecule. Domain-swapping experiments
revealed the determinants of the photosensory specificity of phyA and phyB
toward continuous R and FR to be in the NH,-terminal half, whereas the COOH-
terminal domain carries determinants necessary for execution of phytochrome
regulatory activity (Quail er al., 1995). Present findings suggest that the
contrasting photosensory information gathered by phyA and phyB through their
NH,-terminal domain may be transduced to downstream signalling components
through a common biochemical mechanism involving the regulatory activity of the
COOH-terminal domains (Wagner et al., 1996a). Interestingly, modification of
amino acids near the NH,-terminus have been shown to enhance the activity of a
phytochrome when overexpressed in plants (Stockhaus et al., 1992; Vierstra et al.,
1996). Recently, evidence has been presented that the phyB molecule contains
putative nuclear localization signals within its COOH-terminal region, which
enable it to be targeted to the nucleus in its Pfr form (Nagatani and Sakamoto,
1996).

9.4 Co-action of photoreceptors and signal amplification

It is possible that mutants lacking or having a defective photoreceptor would be
considerably disadvantaged in the natural environment. It is predicted that a
seedling that can anticipate the s0il surface a few millimeters beneath it is at an
advantage in that it can start to prepare itself for the light environment before its
food reserves become limiting. It therefore appears that many of the responses that
we study in the laboratory with specific spectral regimes where we induce
saturation of the de-ctiolation process are largely artifactual from the point of view
of a plant in nature approaching the soil surface. Under such conditions it is
possible to envisage the selective advantage for development of multiple
photoreceptors, capable of perceiving light throughout the daylight spectrum to
control this critical change in the growth strategy of a plant. In the natural
environment, unlike in the laboratory, the process of de-etiolation appears to be
achieved with the help of several photoreceptors, no one being saturated. A role
for phyA via the FR-HIR has been shown to be important for seedling establish-
ment under dense canopies on the basis of studies using phyA-deficient mutants
(Yanovsky et al., 1995). Once emerged into the light environment it appears that
phyA is largely redundant and phyB takes over a major role in the detection of
vegetational shade. Only future research will reveal the possible secret roles of
other phytochromes and B photoreceptors during the life cycle of a plant. The
analysis of plants with deficiencies or overexpression of these remaining
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phytochromes will be of great importance to answer these questions. The
possibility exists of making plants tolerant to vegetational shade by producing
transgenic lines overexpressing phytochromes. This promising biotechnological
technique could improve yields by preventing the undesirable shade-avoidance
reaction when plants are grown at higher densities in field studies (Robson et al.,
1996; Quail, 1996).

Juvenile anthocyanin (Drumm-Herrel, 1987) is proposed to act as a photo-
proteciant. It is formed as a response to many different stimuli, not only to light,
but also to elicitors, general stress and hormones (Mol et al., 1996). The light-
dependent anthocyanin biosynthesis is an attractive model system to study the
mechanism(s) of photoregulation and possible interaction of different photo-
receptors with phytochrome (Mancinelli, 1985). Using a genetic approach, we
have shown that phyA and phyB1 are responsible for the anthocyanin accumula-
tion, in the LFRR and the HIR, respectively (Chapter 4). The exaggerated
photoresponse mutants have a pleiotropic phenotype which includes an amplified
anthocyanin response (Chapter 5). The data in this thesis provides evidence for a
complex series of interactions between photoreceptors leading to anthocyanin
biosynthesis. Signals derived from phyA and phyB1l account for all of the
anthocyanin which accumulates under R as shown in Figure 9.2. The HP-1 and
HP-2 genes are proposed to encode or regulate the formation of a repressor which
acts at a common point in the signal from phyA and phyB1 signal transduction
chains which could be a key reaction in flavonoid biosynthetic pathway. The ATV
gene product appears to be associaied specifically with the phyB1 pathway, whilst
IP appears to a repressor of B-dependent phytochrome signal amplification.

fri LFRR
PHYA —||—=; phyA cjpe- _I_
pear TN, B/ UV-A lR{phyBl)
yg-2 au Anth .
Ch nthocyanin
Ao - Chraoptore -
R-HIR hp-l-.[
PHYB! -} phyB1 ’im hp-Z'I' “Dunorecspior
i /

" T
Photoperception Signal transduction & amplification

Figure 9.2. Schematic diagram summarizing the assignment of components of the anthocyanin
accumulation response to individual phytochromes in tomato seedlings. Arrows indicate the signal
transduction chains of phyA and phyB 1, which are blocked in the fri and #ri mutants, respectively.
The large arrow indicates signal amplification. The flat-ended lines represent repressors of the signal
amplification steps. The proposed action of the exaggerated-photoresponse mutants, based on their
recessive nature for ip-1, Ap-2 and atv and dominant nature for fp mutations is indicated. In addition,
response amplification is stimulated via action of both phyB1 and B/UV-A. Mutants deficient in
phytochrome chromophore biosynthesis (ax and yg-2) lead to reduction in response due to a
deficiency of phyA and phyB1.
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General discussion

Attempts to clone HP-1 (J.I. Giovannoni, pers. comm.) and HP-2 (C. Bowler,
pers. comm.) are in progress. Cloning of ATV and /P would also be of great
interest. During the next few years great advances are anticipated in our
understanding of the steps involved in signal transduction and amplification.

9.5 Future research

Priority for future research should be to determine how light signals are perceived
by distinct photoreceptors and are integrated to control cellular development and
differentiation. A comprehensive understanding will not only reveal the
components involved, but also how they interact with other stimuli, such as
hormones, to reach an accurate response to subtle light signals in the natural
environment. Many decisions taken are not simply all-or-none, but are quantitative
in nature. Physiological studies will play an increasingly greater role in under-
standing these processes, utilizing the mutant and transgenic plants produced by
molecular biologists and geneticists. To achieve a global picture of photo-
morphogenesis studies on species in addition to Arabidopsis are advisable. To this
end, the work presented in this thesis reveals an insight into the photo-
morphogenesis of tomato.
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Licht is voor planten van essentiecl belang als energiebron die groei mogelijk
maakt via de fotosynthese. In dit proces wordt kooldioxide (CO,) omgezet in
suikers die als grondstoffen voor de plant dienen. Omdat planten gebonden zijn
aan hun standplaats hebben zij gedurende de evolutie allerlei mechanismen
ontwikkeld om zich continu aan te passen aan veranderingen in het omringende
(licht-)milieu, zoals de hoeveelheid licht (lichtkwantiteit), de daglengte, de
richting van het licht en de specirale samenstelling van het licht (lichtkwaliteit).
Op deze manier kunnen planten het beschikbare licht zo optimaal mogelijk blijven
gebruiken in de fotosynthese. Daarnaast zijn er nog andere factoren die de plant
beinvloeden zoals zwaartekracht, temperatuur en beschikbaarheid van water en
nutriénten. De processen waarbij de plant het licht als informatiebron gebruikt om
vervolgens de groei en ontwikkeling zo optimaal mogelijk af te stellen aan het
omringende beschikbare licht, vatten we samen als foiomorfogenese. De effecten
van licht op de plant zijn waarneembaar tijdens de hele levenscyclus van het
moment van kieming tot aan het afsterven van de plant. Een treffend voorbeeld
is o.a. een vergelijking tussen cen donker-gegroeide kiemplant en een in licht-
gegroeide kiemplant (zie Fig. 1.1). In licht-gegroeide (gedeétioleerde) kiemplanten
ontvouwen de kiemblaadjes (cotylen) zich en wordt de lengtegroei geremd in
tegenstelling tot de donker-gegroeide {geétioleerde) kiemplant die, met de cotylen
veilig opgeborgen in een zgn. hoek, zo snel mogelijk het licht probeert te vinden.
Om het licht te kunnen waarmmemen is de plant uitgerust met pigmenten (foto-
receptoren). Deze pigmenten die de plant informatie verschaffen omtrent het
omringende lichtmilieu zijn onderverdeeld in drie groepen: (i) de fytochromen, die
voornamelijk rood (R, 600—700 nm) en verrood (FR, 700-800 nm) absorberen,; (ii)
de cryptochromen, die ultraviolet-A (UV-A, 315400 nm) en blauw (B, 400-500
nm) absorberen; en (iii) een ultraviolet-B fotoreceptor, die ultraviolet-B (UV-B,
280-315 nm) absorbeert.

Van de verschillende fotoreceptoren zijn de fytochromen het best ge-
karakteriseerd. Deze fytochromen zijn blauw-groen van kleur. Als gevolg van hun
lage concentratie zijn ze slechts te detecteren met behulp van gevoelige apparatuur
voor het meten van absorpties. Een fytochroom-molecuul is opgebouwd uit twee
eiwit-chromofoor complexen. Het chromofoor is verantwoordelijk is voor de
absorptie van het licht. Het fytochroom-molecuul komt in twee vormen voor, een
R-absorberende niet-actieve vorm (Pr) en een FR-absorberende actieve vorm
(Pfr). Een Pr kan door R worden omgezet in een actieve Pfr en een Pfr kan door
FR worden omgezet in een niet-actieve Pr. Deze zgn. omkeerbaarheid leidde in
1952 tot de ontdekking van het fytochroom. De fysiologisch actieve Pfr-vorm is
verantwoordelijk voor de respons (o.a. kieming, deétiolering, expressie van
genen). Beide vormen van het fytochroom hebben gedeeltelijk overlappende
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absorptiespectra waardoor er een dynamisch evenwicht tussen beide vormen
ontstaat. Dit wordt aangeduid als het fytochroomevenwicht (¢) wat de verhouding
van het Pfr ten opzichte van het totaal fytochroom aangeeft. Er bestaan meerdere
typen van het fytochroom. De eiwit-eenheden van het fytochroom worden
gecodeerd door een fytochroom gen-familie. In studies aan de genetisch
modelplant zandraket (Arabidopsis thaliana) zijn vijf fytochroom-genen (PHYs)
beschreven: PHYA, PHYB, PHYC, PHYD en PHYE. Deze genen coderen voor vijf
fytochroom-eiwitten (PHYs): PHYA, PHYB, PHYC, PHYD en PHYE.
Functionele fytochromen ontstaan na het inbouwen van het chromofoor aan de
fytochroom-ciwitten, resulterend in respectievelijk phyA, phyB, phyC, phyD en
phyE. Ock in andere plantenscorten zijn meerdere fytochroom-genen gevonden.
In tomaat (Lycopersicon esculentum Mill.) zijn ook vijf fytochroom-genen
beschreven tw. PHYA, PHYBI, PHYB2, PHYFE en PHYF. Deze genen komen in
ruimte en tijd op verschillende wijze tot expressie in de plant. De relaties tussen
de fytochroom-genen in diverse plantensoorten is zichtbaar in Fig. 9.1.

Dit proefschrift beschrijft het onderzoek naar de fysiologische functies van de
fytochromen in tomaat. Hierbij werd gebruik gemaakt van fotomorfogenetische
mutanten. Dit onderzoek werd gefinancierd door de Nederlandse Stichting voor
Wetenschappelijk Onderzoek (NWO), stond onder leiding van Dr. R.E. Kendrick
en Prof. Dr. W.J. Vredenberg (vakgroep Plantenfysiologie, Landbouwuniversiteit
Wageningen) en is uitgevoerd in intensieve samenwerking met diverse andere
onderzoeksgroepen in Wageningen, Engeland, Japan en USA. Twee fytochromen
in tomaat stonden centraal in deze studie, nl. phyA en phyB1. Het phyA is een
zgn. labiel fytochroom. Dit type fytochroom is in donker-gegroeide planten zeer
overvloedig aanwezig en wordt bij de overgang naar en onder invloed van licht
afgebroken tot een laag evenwichtsniveau. De overige fytochromen zijn stabiel en
worden niet afgebroken door het licht en zijn op een laag niveau aanwezig. In
samenwerking met de vakgroep Erfelijkheidsleer (Prof. Dr. M. Koornneef en ir.
A, van Tuinen) zijn diverse mutanten in tomaat geisoleerd door middel van een
chemische behandeling. Deze mutanten werden geselecteerd onder diverse kleuren
licht omdat de te verwachten mutaties in de fotoreceptoren dan specifick tot viting
kwamen.

In Hoofdstuk 2 worden twee mutanten beschreven die als zaailing volledig
Ideurenblind zijn in verrood licht (FR). Hierdoor werden deze mutanten in FR niet
geremd in hun lengtegroei (Fig. 2.4). In de andere kleuren gedragen deze mutanten
zich als een normale zaailing (wildtype). Dit afwijkende gedrag was aanleiding
om deze mutanten far-red light insensitive (fri) ie noemen. Deze mutanten zijn in
samenwerking met anderen fysiclogisch en moleculair-biologisch gekarakteriseerd
ten opzichte van het bijbehorende wildtype (WT). Hieruit bleek dat de fri
mutanten gemuteerd zijn in het PHYA gen. In Hoofdstuk 3 worden vier mutanten
beschreven die als zaailing tijdelijk kleurenblind ziju in rood licht (R). Hierdoor
worden ze in R in veel mindere mate geremd in hun lengtegroei dan het wildtype
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(zie Fig. 3.2). In de andere kleuren gedragen deze mutanten zich als WT. Dit
afwijkende gedrag was aanleiding om deze mutanten temporarily red-light
insensitive (tri) te noemen. Ook deze mutanten zijn fysiologisch en moleculair-
biologisch gekarakteriseerd ten opzichte van het WT. Hieruit bleck dat de tri
mutanten gemuteerd zijn in het PHYBI gen. In Hoofdstuk 5 worden mutanten
beschreven die zgn. overdreven fytochroom responsen vertonen. Dit uit zich o.a.
in een gedrongen groei en in extra door fytochroom gereguleerde vorming van een
rood-paars pigment, anthocyaan. Dit verhoogde anthocyaan-gehalte geeft
aanleiding tot hun naamgeving: twee high pigment (ip-7 en hp-2) mutanten, een
intensive pigmentation (Ip) mutant en een gtroviolacea (atv; latijns voor high
pigment) mutant. Deze mutanten zijn niet gemuteerd in een van de bekende
fytochroom-genen maar worden geclassificeerd als potentiéle fytochroom
transductieketen mutanten. Qok deze mutanten zijn fysiologisch gekarakteriscerd
en beschreven in hun responsen.

De phyA- en phyBl-deficiénte mutanten zijn bijzonder waardevol in het
toekennen van functies van de fytochromen in de plant. De fri (phyA-deficiénte)
mutanten verschillen alleen dramatisch ten opzichte van het WT als zaailing onder
FR. Als volwassen planten zijn er in vergelijking met het WT onder laboratorium-
omstandigheden geen grote verschillen in groei en ontwikkeling. In de kas is één
van de fri mutanten gevoelig voor verwelking. De #ri (phyB 1-deficiénte) mutanten
vertonen wel grote verschillen met het WT gedurende de levenscyclus van de
plant. Deze mutanten vertonen ook onder wit licht (WL) omstandigheden een
grotere stengelstrekking. Deze verschillen worden versterkt in lagere hoeveel-
heden WL. Een methode om een zgn. schaduwmijdende reaktie te induceren is
planten blootstellen aan extra FR gedurende de hele dag of aan FR gedurende cen
korte periode (meestal 10-20 min) aan het begin van de nacht (zgn. eind-van-de-
dag FR). In het WT leidt deze behandeling met FR tot een groeiversnelling. In
tegenstelling tot de tot nu toe gekarakteriseerde phyB-deficiénte mutanten in
andere plantensoorten, reageren de fri (phyB 1-deficiénte) mutanten net als het WT
wel op deze behandeling. Deze effecten konden zeer nauwkeurig gemeten worden
(Hoofdstuk 7) met een in eigen beheer gebouwde groeimeter (Fig. 7.1). Onder de
proefomstandigheden bleken de fri mutanten niet te onderscheiden van het WT.
De tri mutant vertoonde een verdubbeling van de groeisnelheid ten opzichte van
het WT (Hoofdstuk 8). Naast de zri mutanten vertoonde ook de fri mutanten een
normale eind-van-de-dag FR respons. Deze afwijkende reactie op het schaduw-
licht in de phyB 1-missende i mutant leidde tot de conclusie dat in tomaat andere
fytochromen en zeer waarschijnlijk het nauw verwante phyB2 ook een rol kunnen
spelen in deze schaduw-mijdende reaktie.

In Hoofdstuk 4 werden de fri en de #ri mutanten, samen met diverse g
onderzocht in een specificke fytochroom gereguleerde respons, te weten de
anthocyaanvorming na een 24-uurs belichting. Dit werd gedaan in een in eigen
beheer gebouwde 'threshold-box' (Fig. 4.1). Hierin kan gelijktijdig een per
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in eigen beheer gebouwde 'threshold-box' (Fig. 4.1). Hierin kan gelijktijdig een
per compartiment verschillende hoeveelheid licht worden aangeboden aan
meerdere bakjes zaailingen. Uit deze proeven kon geconcludeerd worden dat het
wildtype twee karakteristicke reacties laat zien, te weten een lage en ecn hoge
lichtintensiteits reactie. In R bleek dat in de fri mutant de lage lichtintensiteits-
component (LFRR) volledig ontbrak terwijl in de #¢ mutant de hoge
lichtintensiteits-component (HIR) vrijwel volledig ontbrak. In de fri,¢ri dubbel-
mutant bleek totaal geen anthocyaan te¢ worden gevormd. De Ap-I mutant
vertoonde een versterkte reactie van beide responsen. De hp-1 geintroduceerd in
de fri en ¢ri als dubbelmutanten leidde tot een versterking van de respons, zoals
aanwezig in de enkele (monogene) mutant.

De transducticketen mutanten zijn waardevol bij het ophelderen van het
mechanisme van de signaaltransductie. De vier gekarakteriseerde mutanten (Jp-1,
hp-2, Ip en atv) leiden allemaal tot een versterking van de fytochroomresponsen
Uit proeven in de threshold-box waar specifiek de anthocyaan-vorming werd
bestudeerd, bleek dat de atv mutant specifick de phyB1 gereguleerde respons
(HIR) te versterken. De Ip mutant vertoonde voornamelijk specifiek in B een
versterkte reactie waardoor er mogelijk cen interactie is met de signaaltrans-
ducticketen van de B fotoreceptor. We speculeren dat de gen-producten HP-1,
HP-2 en ATV in het WT de fytochroomwerking remmen. In de Ap-1, ip-2 en atv
mutanten zijn deze remmers gemuteerd en niet werkzaam. De Ip mutant is een
dominante mutatie die de fytochroom signaaltransductie rechtstreeks versterkt,

De qurea (au) mutant is in aansluiting op eerder onderzoek verder ge-
karakteriseerd (Hoofdstuk 6). Uit recent onderzoek is gebleken dat au een
chromofoor-mutant is. Hoewel deze mutant dus niet gestoord s in de vorming van
fytochroom-eiwitten vindt er door deze chromofoor-mutatie geen assemblering
plaats van het chromofoor aan het eiwit. Hierdoor worden er geen functionele
fytochromen gevormd. De schaduwmijdende reactie van de au, de Ap-1 en de
au,hp-1 dubbelmutant werd onderzocht door de planten bloot te stellen aan extra
FR gedurende de hele dag. Het bleck dat deze set van drie mutanten reageerden
met een dramatische groeiversnelling onder FR-rijke omstandigheden. Uit deze
proef bleek zeer nadrukkelijk dat er in volwassen au en au,hp mutanten
functioneel fytochroom aanwezig is, waardoor de mutatie in de chromofoor-
biosynthese niet helemaal volledig is in de ax mutant. In veel responsen blijkt dat
de au mutatie geintroduceerd in de au,hp-! dubbelmutant overheersend is
waardoor de au,hp-1 dubbelmutant erg veel lijkt op de cu mutant. In het
onderzoek naar pigment samensielling in de vrucht {Hoofdstuk 6) bieek echter dat
de auw, hp-1 dubbelmutant juist zowel au als ook kp-1 karakteristieken had.

Met deze serie mutanten is bet ons gelukt een beter inzicht te krijgen in de
specifieke fysiologische functies van bepaalde fytochromen (phyA en phyB1) in
tomaat. Er worden nieuwe mutant selecties uitgevoerd vitgaande van de fri,tri
dubbelmutant. Toekomstig onderzoek zal zeker, gebruikmakend van deze nicuwe
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potentiéle mutanten (putanten), ook de specifieke functies van de andere
fytochromen en de interacties tussen de diverse typen fytochroom blootleggen. De
verdere opheldering van de complexe fytochroom transductieketen zal eveneens
een groot aandachtspunt blijven in het toekomstig fytochroomonderzoek.
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